Nanolithography on non-planar
surfaces and self-assembly of
metal salt-polymer
nanomaterials

by

Celal Con

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Electrical and Computer Engineering (Nanotechnology)

Waterloo, Ontario, Canada, 2016

© Celal Con 2016



Author's Declaration

This thesis consists of material all of which I authored or co-authored: see Statement of
Contribution included in the thesis. This is a true copy of the thesis, including any required final
revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.



Statement of Contributions

This thesis contains materials from several published or submitted papers, some of which
resulted from collaboration with my colleagues in the group.

For the work on electron beam lithography on irregular surfaces using evaporated resist, covered
in Chapter 3, Jian Zhang is the first author of the published paper and my contribution is on resist
film preparation and electron beam lithography.



Abstract

This thesis is focused on fabrication of high aspect ratio nanostructures on non-planar surfaces
using evaporated electron beam resist (Part I), and a novel fabrication method of high-resolution

surface nanostructures using metal salt: polymer nanocomposites self-assembly (Part II).

Various top-down and bottom-up nanopatterning techniques are currently available with the
rapid progress in instrumentation and material engineering. However, patterning on non-planar
surfaces of various materials still remains an overwhelming challenge because the conventional
resist coating method, spin-coating, works well for only planar surfaces such as a flat wafer. On
the other hand, the ability to pattern any given surface at the nanoscale, in particular surfaces
with high inherent roughness or with pre-patterned micro-scale features, opens new perspectives
in various fields from multi-scale biomimetics to optoelectronics. Part I (Chapter 1-4) of the
present thesis aims to address this issue using evaporated electron beam resist. Electron beam
lithography (EBL) is a versatile technique for creating arbitrary patterns on substrates with sub-
10 nm resolution. Contrary to conventional lithography techniques, EBL was previously shown
to be able to pattern non-planar surfaces using modified lithography system to adjust the beam
position along z-axis, spray coating of the resist, and evaporation of the resist. Among them,
evaporation of the resist is more favorable as it can be done on any irregular surface using
commonly available thermal evaporation equipment. Yet, previous evaporated resist materials
suffer from low resolution and sensitivity, as well as poor dry etching resists for subsequent
pattern transfer to the sub-layer. Here, evaporation of polystyrene electron beam resist is studied
which was used to pattern on irregular surfaces such as the cantilever of atomic force microscope

and side surface of an optical fiber. Furthermore, in order to drastically increase the resist’s dry



etching resistance, chromium that is a hard etching mask material was successfully incorporated
into the resist by co-evaporating or Cr and polystyrene. This nanocomposite resist enabled the
fabrication of very high aspect ratio structures by electron beam lithography followed by dry
plasma etching. As this material can be evaporated on any substrate, including non-planar

surfaces, it can open new era to spectroscopy and bio-sensing techniques.

Part I (Chapter 5-6) presents a low-cost bottom-up fabrication technique for creating dense
surface nanostructures without long-range ordering. Recently, micro- and nano-structured
surfaces have become a hot topic in nanotechnology where performance of devices is enhanced
due to such surface nanostructuring. Such structures are often called “smart” coating on the
surfaces where they could provide wetting/de-wetting, adhesion, thermal and/or electrical
conductivity, super-hydrophobicity, self-cleaning, anti-icing, anti-reflectivity, etc. Bottom-up
techniques, such as self-assembly lithography, are undoubtedly much more cost-effective than
top down lithography techniques for applications that do not need long range ordering. Block co-
polymer lithography, colloidal lithography, sol-gel processing, wet/dry etching are some
commonly used techniques of bottom-up fabrication. However, fabrication of those structures
with low costs as well as high performance is still challenging. Here a novel fabrication method
is introduced, which involves spin-coating of metal salt: polymer composite followed by its
phase-separation upon thermal annealing. Both spin-coating and thermal annealing are very low-
cost processes. With this method, after pattern transfer to the substrate using the self-formed
metal salt islands as mask, dense and high-resolution nanostructures over large area without
long-range ordering is achieved, which offer greatly enhanced super-hydrophobic and anti-

reflective properties.
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Part I Top-down fabrication techniques:
electron beam lithography



Chapter 1 Introduction to
nanofabrication

1.1. Introduction to nanotechnology

Nanotechnology is a range of emerging technologies in which the structure and property of
matter are controlled at the nanometer scale, scale of one-billionth of a meter. For instance, when
the structure size is smaller than optical wavelength, novel optical properties will appear
respectively. For electronic materials, new phenomena such as Coulomb blockade will emerge
when the size is small enough for quantum effect to dominate. In biology, for example, DNA
will be stretched when passing through a nanoscale fluidic channel. Apparently, one key factor to
the fast growth in nanotechnology is the ever-growing capability in nanofabrication techniques.
Although the first creator of nanostructures is nature itself, the history of nanofabrication starts
with the famous talk given by Richard Feynman in 1959 entitled “There is plenty of room at the
bottom: an invitation to enter a new field of physics” at the annual meeting of the American
Physical Society at the California Institute of Technology (Caltech).! With his visionary talk, he
brought all attention to a large spectrum of the fields of nanotechnology in which physical and
chemical properties of elements will be different than the microscale. And now, with the
advancements in nanotechnology which uses well-established techniques of fabrication, we are
able to not only mimic nature for anti-reflecting, self-cleaning, self-healing, etc., but also to
detect the cells for cancer detection, single photons, or detect single atom by using

microelectromechanical systems (MEMs), and so on.



1.2. Introduction to nanofabrication

Nanofabrication is a technology for producing nanoscale structures with dimensions lower than
100 nm. From microfabrication to nanofabrication, the technology has been continually pushed
by the semiconductor industry. Nanofabrication is vital to all nanotechnology fields, especially
for the realization of nanotechnology involving traditional areas across engineering and science.
Known as Moore’s Law, the statement of doubling the number of transistors on ICs in every 18
months is a conclusion from the advancements and achievements in the technology. With the
invention of deep-UV lithography, critical dimension of ICs was down to 500 nm from 1 um in

1982, and sub-100 nm in early 2000s, and now it is announced as 14 nm.”

Many of the devices and systems used in modern industry are becoming progressively smaller
and have reached the nanoscale domain. Nanofabrication aims at building nanoscale structures,

which can act as components, devices, or systems, in large quantities at potentially low costs.

While semiconductor industry used the improvements and developments in lithography
techniques such as deep-UV lithography, various new nanofabrication techniques are being
developed recently. Such techniques are used to fabricate the nanostructures and nano-devices to
map the body, to mimic nature, to detect light, to clean water, and to store energy, etc. Broadly
speaking, there are two types of nanofabrication techniques, namely bottom-up and top-down (as
shown in Figure 1.1). Bottom-up (Figure 1.1a and b) is mainly focused on developing materials
in the form of particles and molecules, films and tubes or molecular devices. For this purpose,
chemical synthesis, self-assembly of blocks into ordered array of structures such as nano-sphere
lithography, self-assembly of block copolymers, etc. are the methods that have been used. Top-

down fabrication methods (Figure 1.c), in other words, top-down lithography technique, is the



process that involves nanolithography such as photolithography, electron beam lithography,

nanoimprint lithography, and thin film deposition and etching.

(1) Coating resist

a) Coating nano-particles b)
or SAM layer

C) (1) Lithography

resist
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Figure 1.1. Schematic diagram of (a)&(b) bottom-up the and (c) the top-down approaches. In
the bottom-up approaches, method (a) is coating synthesized nano-particles or self-assembled
mono layer (SAM) layer; (b) is block-copolymer self-assembly lithography. In the top-down
approaches, (1) the resist is patterned by lithography, and then the pattern is transferred by (2)
deposition followed by (3) liftoff, or the pattern is transferred by (4)&(5) direct etch.

1.3 Thesis outline

In the first part of this thesis, several nanofabrication techniques, mainly electron beam
lithography, were investigated, and new strategies were developed for the fabrication process and
for patterning on non-planar surfaces. Chapter 2 describes the literature review on lithography
techniques, and Chapter 3 and Chapter 4 explore nanofabrication techniques for non-planar
surfaces with high aspect ratio structures using electron beam lithography. In the second part,
fabrication of high-resolution nanostructures, for use as anti-reflective/hydrophobic coatings by
self-assembly techniques, are discussed. Low-cost fabrication method and properties of dense
nanostructures without long-range ordering are discussed in Chapter 5, and high resolution
surface nanostructures using phase separation of polymer and metal salts are discussed in

Chapter 6.



Chapter 2 Top-down fabrication
techniques: Electron beam lithography

2.1. Overview of nanolithography

Lithography has its roots in ancient times. In Greek language, lithos means stones and graphia
means to write. Literally it means writing on stone, whereas in semiconductor lithography the
stones are silicon wafers and writing is done by advanced fabrication tools. It is critical that
design and fabrication of structures and devices at nanometer scale are the key factors for the
applications in nanotechnology. Since the booming of nanolithography in 1990s, numerous
nanolithography techniques have been developed not only to control the size and geometry of
these structures for proposed applications but also to reduce the cost of fabrication process.’ In
lithography, the most important parameter is to achieve highest resolution, which means to be
capable of producing smallest dimension patterning. Bottom-up lithography techniques are more
favorable than top-down techniques when considering the cost of fabrication. These techniques
can be listed as self-assembly of nanostructures, nano-sphere lithography, colloidal lithography,
block co-polymer lithography, and template-based methods that exploit nanoporous

4,5,6,7,8,9
membranes.*>%"%

However, these techniques can only produce periodic structure without long
range ordering. Top-down techniques such as photolithography, electron beam lithography, and
nanoimprint lithography are popular with periodic patterning with high resolution as well as
arbitrary structures. Among them, electron beam lithography is the most popular top-down

fabrication technique for R&D because it is capable of high resolution and can work with a

variety of materials for creating almost infinite number of structures with arbitrary pattern.' In



this chapter, top-down lithography techniques, specifically electron beam lithography, will be

discussed.
2.2. Top-down lithography techniques

2.2.1. Introduction

Top-down lithography techniques can be divided into two categories: the ones using pre-
designed and fabricated mask for pattern duplication, and the ones with direct write on resists for
pattern creation. The first type uses the pre-designed and fabricated mask with nanostructures
and duplicates these structures onto materials, which are mostly resists. Optical lithography,
charged particle projection lithography, x-ray lithography, extreme ultra-violet lithography, and
nanoimprint lithography are examples of these techniques that duplicate the structures on the
mask or mold onto resist to the substrate. The second type of top-down technique is a direct
patterning technique that generates pattern on substrate or resists, including electron beam
lithography, focused ion beam lithography, helium ion beam lithography, scanning probe

lithography, etc.”'"'?

2.2.2. Optical lithography

Optical lithography, or photolithography, schematic in Figure 2.1, is extensively used for
fabricating integrated circuits in the semiconductor industry. It is the most widespread top-down
fabrication technique because of its high yield, high throughput and low operating costs when

implemented for large scale industrial applications."*

In this technique, the pattern from the
mask is transferred to a photoresist by ultraviolet light exposure where unmasked area is
exposed.” A photomask is an opaque plate (usually made from fused silica) with sub-micron

sized structures made with chrome metal-absorbing film that allows the light to shine through in

a defined pattern. Generally speaking, these masks are used for photolithography purposes with



wavelengths of 436 nm (g-line), 405 nm (h-line), 365 nm (i-line), 248 nm (deep UV) and 193 nm
(deep UV). For shorter wavelengths such as 13.5 nm (extreme UV light) that result in higher
resolution, entirely new materials such as Si/Mo thin film substrate are used as a reflective mask.
In photolithography, chemicals called photoresists are used as a pre-patterning layer on the
substrate. These photoresists are categorized as positive and negative tone resists. For positive
resists, the resist is exposed to UV light wherever the underlying material is to be removed. In
this type of resists, exposure to the UV light changes the chemical structure of the resist so that it
becomes more soluble in the developer. In negative type photoresist, this exposure causes the
resist to become polymerized and hence difficult to dissolve in the developer solvent. Hence, the

resist is exposed to UV light wherever the underlying material is to be kept.
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Figure 2.1. Schematic representation of the photolithography process with two potential pattern
transfer paths using either deposited or etched features."

After exposing the photoresist, development of the resist is carried out using solvent that will
reveal the photoresist pattern on the substrate. Then, the pattern is transferred to the substrate by
different etching (e.g. wet chemical etching, dry etching, reactive ion etching, etc.) or deposition
(e.g. evaporation, sputtering, electro- chemical deposition, etc.) processes. Resolution of optical
lithography is determined by the wavelength of the light (i.e. source), its intensity, time and type

of exposure (i.e. projection or contact mode) and the etching method. In photolithography, the



resolution is defined as R= k;.A/NA where k; is a constant number depending on the resist
material, A is radiation wavelength, and NA is the numerical aperture of the optical system.
Limitation of photolithography can be due to diffraction of the light. That is once the light passes
through the single slit, it diffracts into many directions where constructive/destructive
interferences occur and hence exposes on the substrate. One way to decrease this limitation is to
use different (smaller) wavelength source of light or use a different lens having smaller
diffraction. Recently, to be able to increase the resolution from 100s nm to 10s nm, light source
of ArF excimer laser (wavelength of 193 nm) is embedded in the lithography system. It is also
called deep-UV lithography due to shorter wavelength. While resolution is comparable with
wavelength size in larger wavelength sources, within excimer laser it is less than wavelength as
this source k; values is smaller than others. Through the combination of other resolution
enhancement techniques such as immersion lithography, optical proximity correction, off-axis
illumination, phase-shift mask, and double processing, the resolution is enhanced to sub-10 nm
scale.'® In immersion technique, the lithography is done in environment such that refractive
index (n) of it is higher than air, water for instance where n is 1.44 where in this case NA is
increased and hence smaller features can be achieved. This is because in a dense environment
more light can be collected and hence more light can be focused at certain point with less
diffraction. This technique is further improved and now 13.5 nm wavelength source can be used
in industrial applications where entirely new materials such as Si/Mo thin film substrate are used
as a reflective mask. Although the state of art is 14 nm node (14 nm resolution transistor),
fabrication cost became a serious issue, with an industrial EUV lithography system costing up to
$50M USD.*" These high costs exclude many universities and world-wide companies from

using those state-of-art optical lithography systems.



2.2.3. X-ray lithography

X-ray lithography (XRL), schematically represented in Figure 2.2, where the source with 0.1 nm
(called ‘hard’ X-rays) to 10 nm (called ‘soft’ X-rays) wavelength is used to expose the resist, is
another manufacturing process in which patterning is done using synchrotron radiation through
an x-ray mask.'” X-rays are very energetic waves and they cannot be reflected/refracted similar
to UV- and visible light but reflected off smooth metallic surfaces at very shallow angles. In
principle, XRL is not as complex as optical lithography, as there are no x-ray optics because of

absence of a material that can refract the x-rays.

Supporter
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image
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Figure 2.2. Schematic representation of the X-ray lithography.'’

XRL has two main components: x-ray source and the mask which is used to absorb the x-rays.
For XRL, the mask has to be fabricated using materials that can absorb x-rays, and it is typically

18,19
> The source

gold supported by thin membranes made of silicon nitride, titanium, or graphite.
wavelength spans from 1 nm (‘soft’ x-rays) to 0.1 nm (‘hard’ x-rays) where resolution is limited
by Fresnel diffraction and secondary electrons generated in the resist. Although very fine

features with vertical sidewalls can be fabricated by XRL, fabrication and maintenance of x-ray

mask is a serious issue because the thin membrane is very fragile. Local stress caused by heavy



absorption and internal stress of the membrane can also affect the resolution of the pattern.
Furthermore, x-ray source has to be strong and collimated synchrotron radiation source. The cost
of setting up and maintaining the X-ray light source is extremely high which affects its
popularity.

2.2.4. Interference lithography

Interference lithography (IL) is a parallel patterning method for which a minimum of two
coherent laser beams are used to create the interference pattern on the resist film."”***' When
two laser beams from the same source coincide, an interference pattern is created as illustrated in
Figure 2.3. It is a promising top-down lithography technique with high-throughput and well-

defined features at nanoscale."” The period of the resulting periodic structure is given by:

i
A= sin(8;)+sin(8,) (2.1)

where A is periodicity, A is wavelength of two coherent light waves, 0; and 0, are the angles
between the normal of the exposed surface and the beams 1 and 2. The idea is, creating constant
phase difference between two waves and hence the two laser beams will only interfere over a

distance.
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Figure 2.3. Schematic representation of the interference lithography setup with two coherent
laser beams.

The intensity of the grating is sinusoidal and can be used for different applications such as
creating hole array, grating array, etc. Currently, IL is extensively used in industry to fabricate
diffraction gratings, field-emission displays, nano-imprint lithography molds, etc. due to its
affordable prices (around $50 K USD)."*** However, major drawback of IL is that it can only be

used to fabricate periodic structures and not suitable for arbitrary designs.”

2.2.5. Nanoimprint lithography

Instead of creating a pattern by masking and exposure, nanoimprint lithography (NIL) is a
method for fabricating micro-nano structures with low cost, high throughput and high
resolution.” Compared with other aforementioned lithography techniques, the most prominent

advantage of NIL is its ability to pattern 3D and large-area structures with low cost.”

NIL is capable of sub-10 nm resolution.?>*>%*

NIL is based on the principle of mechanical
modification of a thin polymer film by thermo-mechanical or UV curing process using a mold
which contains nanopatterns (shown in Figure 2.4). Hence, unlike optical lithography technique,

NIL does not require expensive and complex optics. As it is the duplication of the nanopatterns

on the mold to the substrate, the resolution of NIL is limited by the mold used in the process
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itself and hence it is beyond the limitations set by light diffractions, which makes it a popular
technique to apply in many areas such as nano-electronics, nano-optoelectronics, data storage,

electromechanical systems (MEMS/NEMS), LEDs (light emitting diodes), quantum electronic

) . . . . 252627282930
devices, photodetectors, optical and biological devices.> 7%
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Figure 2.4. Schematic representation of the nanoimprint lithography process. a) Nanoimprint
resist is coated on top of substrate coated with transfer layer; b) imprint mold with sub-micron
sized features is brought to contact with the sample; c) subsequent heat and mechanical force
is applied to get the reverse-structures on the resist; d) upon releasing the mold, reverse-
pattern is obtained on the resist; e) by proper reactive ion etching, this pattern is transferred
onto transfer layer and hence the substrate.

After first demonstration by Stephen Chou in 1995, there have been great efforts to achieve
sub-10 nm resolution on large area quickly and cost-effectively; and now there are varieties of
NIL process types such as laser assisted NIL, step-and-flash NIL, roll-to-roll NIL, etc. As its
resolution is limited by the mold, it is also the major drawback since the mold has to be
fabricated using other lithography techniques such as interference lithography and electron beam

lithography. Also, the mold is usually made from silicon, SiO,, diamond, quartz or metals due to
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their hardness.”” As they are brittle and thus hard to use for many times, there are polymeric
materials used for mold which are called soft materials, and the technique is generally called soft
lithography. Such materials include Polydimethylsiloxane (PDMS), Polyvinyl chloride (PVC),
Polyvinyl alcohol (PVA), Perfluoropolyether (PFPE), Ethylene tetrafluoroethylene (ETFE), and
Teflon AF 2400.%%*** Recently, Con et al. used Fluorolink MD-700 polymer, which is a PFPE-
based and Teflon-like polymer, as a mold material for NIL. It is capable of sub-100 nm
resolution with higher elastic modulus near the film surface than deep inside the film (300 vs. 50

MPa) that is desirable for an imprint mold.”

2.2.6. Scanning probe lithography

Another strategy for fabricating nanostructures using top-down technique is to use small
scanning tips/probes to “machine” the surface of the substrates, which is called scanning probe
lithography (SPL). Although SPL is a slow process compared to optical lithography, it can
generate sub-10 nm resolution features with arbitrary profiles.'* Its imaging resolution reaches
atomic level, and as a patterning tool it depends on the probe that is generally less than 50 nm in
size.”> One fabrication technique using these probes is achieved by moving/scanning the probe
wetted by solution containing molecules of the material to be transferred to the substrate, in
which any arbitrary structure can be patterned. This technique is known as dip-pen lithography

(DPL). This method can also be used to etch metals such as gold, silver and palladium."
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Figure 2.5. Schematic diagram and image of scanning probe lithography approach: a) AFM
nanolithography by deposition of SAMs on a silver substrate, b) Direct deposition of SAMs of
16- mercaptohexadecanoic acid by an AFM tip on a silver substrate.'
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Another technique is the application of the tip to contact physically with the substrate surface to
remove the materials or molecules, which is called the force-induced pattern transfer method
(Figure 2.5). Patterning self-assembled monolayers (SAMs), polymers and particles are
examples of this technique. SPL is atomic level resolution technique along with the ability of

creating arbitrary shaped structures, however, SPL is a very slow technique.”
2.2.7. Focused ion beam lithography

Focused ion beam (FIB) lithography is one of the top-down fabrication lithography techniques
that typically uses Ga' ions that can be operated at low beam currents for imaging or high beam
currents for site specific sputtering or milling. FIB is capable of patterning directly on the
substrate or on the resist to make 3D patterning possible.”’ Unlike other lithography techniques,
FIB lithography is a maskless lithography technique, where focused Ga' ion beam is scanned
over the substrate surface, and hence capable of creating arbitrary shaped structures on the

surface. This process is known as milling as it physically removes the material from the substrate
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surface (Figure 2.6a). It uses high energetic ions rather than photons and electrons, and ions have

high momentum, and short wavelengths thus without any diffraction limitations (A=h/p).
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Figure 2.6. Basic four functions of FIB processing: (a) milling, (b) deposition, (¢) implantation
and (d) imaging.’’

Besides physical sputtering (Figure 2.6a), FIB is capable of depositing materials (i.e. additive
lithography) using gases (Figure 2.6b), implanting ions (Figure 2.6¢) for fabrication of etching
masks and directly modifying materials by ion-induced mixing. Yet it is an expensive and slow
process compared with the optical lithography techniques though it offers sub-10 nm

resolution.®®

Ga' are more favorable than other ionic sources for FIB ion source due to its low melting point,
low volatility, low vapor pressure, excellent mechanical, electrical and vacuum properties, where
its emission characteristics enable high angular intensity with a small energy spread. However,
the major drawback of Ga' ions is that due to their mass, ions can displace and scatter atoms in
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the substrate and hence reduce the performance. Microscopes with noble gases are now replacing
Ga' FIB systems as they are lighter than Ga" ions but heavier than electrons and hence creating
less damage on the substrate.”® The first commercial helium ion microscope was introduced in
2006, and by now it has reached a maturity such that resolution of 5 nm features has been

40,41
reported.*”

2.3. Electron beam lithography

2.3.1. Definition and historical perspective

Electron beam lithography (EBL) has its roots in scanning electron microscopy (SEM) which
was first developed in late 1960s.* EBL is the main direct writing technique which provides sub-
10 nm resolution due to the small wavelength, and can work with a variety of materials.* EBL,
with the ability to form arbitrary two dimensional patterns, is a maskless lithography technique
that uses highly focused electron beam to modify the radiation sensitive materials’ property to

make it soluble/insoluble during a subsequent development step, see Figure 2.7.

e beam

resist ., resist N
substrate substrate substrate

1. Spin-coatingthe 2. Electron beam 3. Development
resist (polymer) exposure of the resist

Figure 2.7. Representation of electron beam lithography process: spin coating the resist,
electron beam exposure, and development of the resist.

EBL has three main steps, which are spin coating of the radiation sensitive material (resist),
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exposure of the resist by electrons, and development of the resist. The pattern transfer should not
be considered independently as the final resolution and the quality of the pattern is a result of the
combination of each process. The first popular electron-beam (e-beam) sensitive material is
known as polymethylmethacrylate (PMMA) which was developed in 1960s, that is earlier than
the development of optical lithography. As EBL system uses SEM where electron optics enable
fine beam focusing, using PMMA for EBL demonstrated much higher resolution capability at

that time, and during 1970s the resolution capability was down to sub-60 nm.**

The main features of the EBL are:

1. Capable of high resolution, down to 2.5 nm,'® high pattern density, and high reliability,

2. Capable of generating arbitrary patterns and ability and applicable to a variety of materials,
3. Slow writing technique for volume production,

4. Expensive and complex system requirements.

In this part of my thesis, e-beam resists and fabrication of nanostructures on non-planar surfaces

using EBL will be discussed after introducing the principles and elements of EBL system.

2.3.2. Electron Optics

The power of EBL system that has high resolution capability at nanometer scale arises from
short wavelength of electrons. The de Broglie wavelength of the electrons A, can be expressed

as

h h 1226
V2mE 2meV VV

(nm) (2.2)

h
/‘le=5=

where h is the Planck’s constant (4.135)(10’15 eV.s), p is the momentum of the electron, m is the

mass of the electron, e is the charge of the electron, E is the energy of the electron, and V is the
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acceleration voltage. For instance, if an electron is accelerated with 10 keV, then the wavelength
of the e-beam will be 0.012 nm, which is a huge advantage over optical lithography where the
wavelength of the light is much larger. Knowing that current state of art EBL is operating at
higher voltages (100 keV), the diffraction limited resolution can be, in principle, at atomic scale.
Yet, most high-resolution EBL has a resolution limited by the beam spot size because diffraction
of electrons increases the spot size and hence the resolution.

2.3.3. Instrumentation

Figure 2.8 depicts the direct EBL system which was originally developed using SEM by
inserting pattern generator and beam blanker to the system. A modern dedicated EBL tool
employs high brightness electron sources for higher throughput and high-resolution mechanical

stages for exposure of large substrates.

EBL system consists of three parts: lithography control system notably pattern generator/design
and operator software, electron optics control system including electron gun and column, and the

14,45

chamber where the exposure takes place at high vacuum. In this section, electron optics

system will be discussed.
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Figure 2.8. (a) Schematic of a typical electron beam lithography system. (b) A typical EBL
system (Courtesy of Vistec Electron Beam Lithography Group).*’

Chamber

2.3.3.1. Electron gun
Electron gun, or the electron source, is the most essential part of the system as it is the place

where the electrons are generated by either heating the cathode, called thermionic emission, or
by applying a large electric field, called cold field emission; or sometimes the combination of
two field-assisted thermal emission, commonly called Schottky emission.

Important features of the beam source include high intensity, high uniformity and durability,
small spot size, and long life. Spot size for most EBL sources is less than 10 nm while this
number is 500 nm for light sources for photolithography. Brightness is a measure of the current
emitted per unit area per solid angle, equivalent to intensity in optics. Higher brightness is
desired to have shorter exposure time and higher throughput.

114

Some of the materials for these emissions are given in Table 2.1 ™ with their brightness and

operating conditions and specific parameters.
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Table 2.1. Characteristics of different types of filaments.'*

Source type Material | Brightness | Source Energy Vacuum | Emitter
(A/cm?rad) size dispersion level | Temp. (K)
(eV) (Torr)
Tungsten w ~10° 25 um 2-3 10 ~3000
Thermionic
LaB, Thermionic LaBg ~ 108 10 um 2-3 108 ~2000-
3000

Thermal field Zr/O/W ~ 108 20 nm 0.9 10° ~1800
aided emission
(Schottky)
Cold field W ~10° 5nm 0.22 10 | Ambience
emission

In thermionic emission sources, the filament is heated by passing current through it and electrons
are emitted thermionically from a sharp tip. Sharp tips are required in order to provide the
extremely high fields necessary for electron extraction from the tip apex. One popular material
for thermionic emission source is tungsten (W). However, its low current density results in low
brightness (2x10* A/cm’rad). Another disadvantage of these filaments is their high operating
temperatures which needs high energy. Beside tungsten-based filaments, Lanthanum hexaboride
(LaBg) is another source which can achieve higher current density (over 20 mA/cm?), resulting in
higher brightness. It can also work at lower temperature (2000 K), yet it requires high vacuum
(10" Torr). The major problem with the thermionic sources is the large beam crossover size (10-
25 wum). This is because small beam size is preferable for high resolution SEM, as less
demagnification is needed to attain a given probe size.

Field emission sources, or cold field emission sources, operate at room temperature. In this type
of guns, electrons are tunneled out from the tungsten tip due to high electric field obtained using

a very sharp tip (100 nm) and high voltage (Figure 2.9).
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Field emitter

1000 nm

S

Figure 2.9. Field emission gun: a) representation of emitting from the gun; b) SEM image of
field emitter made from tungsten where tip apex size is 100 nm.

Current density of the emitted electrons is independent of the tip temperature since it is a
tunneling process of electrons pulled out by the electric field. Small beam spot size (2 nm) can be
achieved by field emission gun which gives higher brightness (10° A/cm’rad) and hence better
performance for focusing on the material. However, it is not a suitable gun for EBL since there is
a short-term noise at the beam while contamination gas molecules are randomly absorbing-
adsorbing onto the tip during the emission process. This problem can be partially overcome by

using ultra-high vacuum systems.

Field assisted thermionics emission (Schottky) sources are the best sources for EBL systems as
they provide higher current density and stability. Operating at lower temperature (1800 K), it has
longer lifetime than thermionic sources. W/ZrO type tip gives spot size around 2 nm and hence
results in better performance with high brightness. One drawback is that they require constant

operating vacuum level (10® Torr) yet it is achievable with present systems.

2.3.3.2. Beam shaping column
The part that gives shape to the electron beam is referred to as the beam column. Beam column

has components such as column lenses, apertures, beam deflectors and beam blanker, stigmator,

and objective lenses.
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Electrons can be focused either by electrostatic forces or magnetic forces, meaning that
electrostatic or magnetic lenses can be used in EBL system. However, magnetic lenses are
preferable since there is less aberration. A magnetic lens is formed from two circularly
symmetric iron pole-pieces that can converge the beam in a magnetic field. In EBL system,
normally there are four magnetic lenses. Figure 2.10 below shows a cross-section of a typical

magnetic lens, along with some magnetic flux lines.*
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Figure 2.10. Cross-sectional view of a magnetic electron lens.*

The radial magnetic field causes electrons to experience rotation about the optical axis upon
entering the lens and have a velocity in tangential component. This component interacts with the
axial magnetic field, conveying a force on the electrons toward the optical axis, and bringing
them close to the axis.

Beam deflectors are responsible for scanning the electron beam over the specimen within the
scan field. It can be done by electric or magnetic field and has to be linear deflection in order to

precisely pattern ultra-small features. Yet, problems in the linearity of the deflection can be fixed
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by the software. Within the column, there are also types of apertures, such as blanking and beam-
limiting apertures. The former deflects the beam away from the aperture hole, turning beam on
and off; while the latter sets the beam at a convergence angle which controls the effect of lens
aberrations and resolution as well as beam current. A typical beam blanker works by applying a
voltage to the upper plate of the blanker, which will deflect the electron beam away from the

center of the column.

Stigmator is another component of the column that has a critical role in beam shaping.®® There is
astigmatism because of the imperfections of the lenses. These imperfections come from the
fabrication and assembly of the lenses which causes imperfectly shaped e-beam. Hence, it affects
the lithography where the pattern to be transferred is distorted from the original design. An
example of imaging with/without stigmation is shown in Figure 2.11. The stigmator lens has four

or eight poles that surround the optical axis to adjust the beam shape to be circular again.

OO o0\

Without astigmatism
corrector

@°° °0¢@
With astigmatism corrector
g v P
Just focus
Under focus Over focus «

Figure 2.11. Comparisons of beam-forms on the sample and resulted SEM images; a) before
stigmation correction, and b) after stigmation correction.”
Aberrations, on the other hand, are the result of the converging angle (numerical aperture) of the

lenses which are critical for EBL. Spherical aberration occurs when outer zones of the lens focus
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more strongly than the inner zones, and chromatic aberrations occur when electrons of slightly
different energies get focused at different image planes. These aberrations can be minimized by
reducing the convergence angle of the system so that electrons are confined to the center of the

lenses.

Theoretically, effective beam spot size can be expressed as the quadratic sum of each
contribution including chromatic aberration, spherical aberration, perfect beam diameter if

without aberration, and diffraction of the beam, which can be expressed as
d? =d* +d?+d2 +d? (2.3)

where ds is the spherical aberration, d. is the chromatic aberration due to non-zero energy
distribution, d is the perfect beam diameter and dq is the diffraction limit. In order to get high-
resolution patterns for high voltage, low beam current, and small working distance, the beam
diameter can be controlled by adjusting the beam current, accelerating voltage, and lens-to-
sample spacing and working distance.”’

2.3.4. Electron-solid interaction and proximity effect

Although electron beam diameter can be in sub-nanometer range, minimum resolution is far
away from that value because the energetic electrons undergo interaction with the resist and
substrate during exposure. Typically, electron beam lithography systems use 10-100 keV energy
per electron, which gives electrons ~10 um long mean free path that is at least one order of
magnitude higher than the typical resist thickness. Hence, the electron beam penetrates into the
resist and hits the substrate during exposure, and experiences elastic (results in backward
scattering) and inelastic (results in forward scattering) collisions with the resist and the substrate

atoms and molecules. Electron trajectories in resist and substrate are modeled by Rutherford
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scattering and simulated by Monte Carlo simulation techniques. By Monte Carlo simulation
techniques, it can be predicted how deep electrons can go inside the substrate and its relation
with the applied voltage. As an example, it is shown in Figure 2.12 with 500 nm thick
polystyrene film on silicon substrate.*® As seen, electron beam with 1 keV energy cannot reach
the bottom of the resist while 20 keV penetrates into it and reaches the substrate and scatters

along the resist and the substrate.

Polystrene

E
S
E
=

Polystrene

Polystrene E Polystrene

Figure 2.12. Monte Carlo simulation of 10 000 electron trajectories in 500 nm thick
polystyrene coated on silicon with electron energy of (a) 1 keV, (b) 2 keV, (c) 3 keV, (d) 4 keV,
(e) 5 keV, and (f) 20 keV.*

Forward scattering has higher rate inside the resist than backscattering. The main parameter is

the energy of the electron whereas backscattering is dependent on energies of both of the
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electron and the substrate nature (atomic number, Z). The relation between energy of the
electrons and the forward and back scatterings happening inside the resist and the substrate is
shown in Figure 2.13. As the electrons penetrate into the resist, some of them undergo small
angle scattering events and this makes the beam profile broader at the bottom of the resist than
the top. Hence, forward scattering has to be minimized for high-resolution patterning and this
can be done via using thinner resist and/or higher voltage.

lelectron beam
Forward scattering

resist

\( ) | Back

scattering

Substrate _‘

Figure 2.13. Forward and backward scattering in resist and substrate.

Forward scattering of primary electrons generates secondary electrons with low energies
(typically 20-50 eV), and they are responsible for the major exposure of the resist. Contrary to
trajectories inside the resist, electrons have more chance to get scattered with larger angles when
they reach into the substrate, and these electrons may return back through the resist and create
additional exposure on the resist far away from the initial collision. This is called the proximity

effect and is shown in Figure 2.14.

26



Figure 2.14. Illustrations of (a) designed (left) structure, and (b) patterned (right) structure.
Due to proximity effect, nearby area of the desired region is also exposed.

To overcome the proximity effect, several attempts can be made. One of them is the dose
modification which can be done after knowing the required exposure dose for each pixel with a
reasonably high accuracy. A numerical calculation is needed to predict the pixel-to-pixel
interactions which is time consuming. Another technique is to modify the design pattern by

adding/removing the pixels at which proximity effect will be seen. Effect of this correction is

/L*L

exposed pattern (no ~ Developed pattern

PE correction)
Designed
pattern \‘

Inner maximal
rectangle

(IMR) exposed Developed pattern
pattern (with

PE correction)

shown in Figure 2.15.

o

Figure 2.15. Proximity effect (PE) correction by shape modification at critical points.
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Other techniques include software correction and GHOST® where inverse tone of the pattern is
written with a defocused beam to imitate the shape of the backscatter distribution, which gives
the pattern a uniform background dose. However, it needs extra data preparation and writing
time.

2.3.5. Beam shapes and scanning modes

As stated earlier, electron beam lithography systems can be developed from the scanning
electron microscopy by adding beam blanker and the CAD software into the system. This type of
EBL systems provide huge savings for academic research facilities (costs 100K USD) since
dedicated EBL systems are more expensive (2 M USD). Many of these systems use Gaussian
beam, which is a rounded beam focused to a minimum spot size to achieve high resolution.
However, in direct writing EBL systems, such exposure of one pixel at a time limits the exposure
speed or patterning rate. Hence, variable shaped beam is made to increase the throughput by

> Basically, shaped

enhancing exposure speed and integrating with other nanoscale processes.”
beam system aims to write a primitive shaped cell (mainly rectangles), where it uses parallel
electron beams. Recently, by increasing the resolution to 65 nm, the integration and high-yield
manufacturing of integrated circuit (IC) were made possible by Motorola, Philips
Semiconductors and STM Microelectronics.*’

In EBL writing systems, there are two different writing strategies that can create pattern on the
resist: raster scan and vector scan, as shown in Figure 2.16. In raster scan mode, the beam scans
the entire field and keeps moving along the desired writing direction, and switches on and off by
beam blanker to do exposure. Raster scan is very simple and repeatable, but it needs longer time

than the vector scan as it has to move to every pixel. Also, as it uses the one-time focus adjusted

beam, it may result in defocus during the writing and hence lose the resolution. To overcome this
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issue, laser height adjustment control should be built inside the EBL system.

beam on ~

_k » g
beam blanked
| PR—

Raster scan Vector scan

Figure 2.16. Scan systems for EBL: raster and vector scan modes.

Vector scan mode is developed in order to speed up the writing for sparse patterns. In this type of
scanning, the beam is only shifted to the desired area to be patterned while it never moves to
unwanted areas. One advantage is that it enables change of the exposure dose while switching
from one area to the other. Another advantage of the vector scan is that it has high precision on
patterning.

2.3.6. Resist materials for electron beam lithography

2.3.6.1. General characteristics of e-beam resists

It is the resolution capability of EBL that makes it popular in R&D. EBL is a maskless
lithography technique, and the patterns are transferred into the substrate using a thin layer of
polymer film called “resist”. These polymers undergo physical and chemical change under
ionizing radiation by electron beam. In terms of physical change, color, impact strength, elastic
and tensile strength are changed. In chemical modification, polymer chains crosslink or scission
of the chain occurs. Contrary to resists for photolithography, those resists are usually not
sensitive to UV- and visible light (but often sensitive to shorter wavelengths) and have much

longer shelf-life and stability. With sufficient e-beam radiation on the resist, the chains link to
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each other to form a complex structure, i.e. crosslinking, and its molecular weight increases; or
chains undergo a random scission and degradation, and its molecular weight decreases. Figure
2.17 is shown as an example. It is called negative type resist if the former process dominates and

positive type resist if the latter happens.

Primary
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Figure 2.17. (a) Polymer sub-unit of poly (methyl methacrylate), and (b) scission of the
polymer chain during EBL exposure.'?

Generally speaking, with sufficient dose, the negative e-beam resist will be cross-linked to form
a three-dimensional network. The unexposed linear polymer can be dissolved by a solvent
developer, whereas the exposed and thus cross-linked part becomes insoluble and will remain
after development. This is because in a negative tone resist, the electrons convert the material to
less soluble in developer. This gives the resist negative tone behavior. In positive e-beam resist,
chain scission is induced by e-beam exposure; and selective removal of the exposed resist, which
has a greatly reduced molecular weight, can be realized using a poor solvent that does not
dissolve appreciably the unexposed resist. Positive tone resists undergo a conversion from low to
high soluble in developer upon exposure to electrons. The most well-known e-beam resist is
PMMA which was first developed in 1960s, though there are other resists to come and go as they

rise and fall in popularity. One of its exposure characteristics is acceleration voltage dependency.
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Studies revealed that higher acceleration voltages require higher exposure dose for the same
defined pattern area. The required dose to expose the certain area is 100 uC/cm® for 10 kV
whereas it increases to 180 uC/cm” for 20 kV applications, as shown in Table 2.2. This is
because at higher voltages, fewer electrons are scattered inside the resist to result in chemical

modification of the resist.

Table 2.2. Typical exposure dose of PMMA resist with different acceleration voltage. Required
doses to expose the certain area is increasing as acceleration voltage increases.

10 kv 20 kv 30 kv
Area dose (uC/cm?) | 100 180 250
Line dose (nC/cm) | 0.5 0.9 13

Today, in resist technology, an ideal e-beam resist should have high resolution, high sensitivity,
and high dry etching selectivity for pattern transfer. In the following section, some important

properties of electron beam resists will be discussed.

2.3.6.2. Important parameters of e-beam resists

Electron dose (usually with unit uC/cm?) is the electron charge per unit area to achieve the
chemical modification in the resist. In EBL, each lithographic process has an optimum dose that
results in desired exposure. In order to determine this dose, preliminary exposure and imaging
has to be done by suitable tool (i.e. scanning electron microscope, atomic force microscope)
because the electron dose affects the actual size of the patterned features: With low dose, for
positive resist, the structure will be smaller in size than the designed one or larger with high dose
(over exposure), and these parameters are varied depending on the designed patterns as
proximity effect has to be considered as well. As dose increases, the average fragment size

decreases and solubility in the developer increases.

31



Contrast and sensitivity are other important resist parameters: E-beam resists are characterized
by their contrast curves, which can be obtained by plotting the measured remaining resist
thickness after exposure and development of a series of large square patterns with increasing
doses. Contrast (y) is defined by the slope of the linear portion of the falling edge (positive resist)

of this curve and is calculated by

1

10910(2_;) @

Yy =
where Dy is the dose at which resist dissolution by developer begins, and D; is the lowest dose
when the resist is fully dissolved. It is called high contrast when the slope is steep. For example,
as shown in Figure 2.18, positive resist “A” has higher contrast than positive resist “B”. Typical
high resolution resist has a contrast of y>2, and high resolution e-beam resists such as PMMA
can have contrasts in the range of 6 to 9 depending on the process conditions such as developer
strength, development temperature and time, and pre-exposure bake time and temperature.
Sensitivity, on the other hand, is commonly defined as D;, and in Figure 2.18, resist “A” has

higher sensitivity than resist “B”.
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Figure 2.18. Contrast curves of resist A, B, and C.

Line edge roughness (LER) is a serious issue when the pattern size gets smaller, and LER must
be as small as possible for high-resolution patterning. Typical measured LER values are about 3
nm when resists with a very high contrast are used.’’ The cause of LER can include the
lithographic system (i.e. dose fluctuations), resist materials, and the development process.
However, the main reason of LER is derived from the aggregation of the polymer which is
naturally present in all the resist.” This aggregation causes uneven dissolution rates between the
aggregates and the surrounding areas. On the sidewalls of these areas, the aggregations are low at
the edges where LER is determined. LER is encountered in all e-beam resists and cannot be
eliminated completely, though there are ways to minimize it. For instance, it can be minimized
by using small molecular size resists such as HSQ or calix|[n]arene. Yamaguchi developed a
novel type of resist by chemically amplifying the ZEP-520 resist and reduced LER to 2 nm,

whereas it is more than 3 nm with conventional ZEP-520 resist.>

The resolution, i.e. the capability of resolving very small features, is one of the most important
parameters for electron beam lithography and hence for e-beam resists. It is often the first term

mentioned when defining an electron beam resist. When the pitch of features, i.e. distance
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between adjacent features, decreases, it gets harder to achieve high resolution patterning due to
proximity effect. Recently, 2 nm isolated features and sub-5nm resolution structures are reported

by using very high keV (200 keV) that minimizes proximity effect and forward scattering.™

Etch resistance is the ability of the resist to survive during the etching process, which might be
the most difficult requirement of the resist. In conventional EBL process, after development, as
shown in Figure 2.19, the pattern is usually transferred into the underlying layer by either a wet
or dry etch process. In wet etching process, although it results in high throughput and good
selectivity, it can lead to loss of adhesion of the resist and isotropic etching, and hence loss of
sizes of the features. However, with dry etching, where plasma is used to transfer the defined
features to the substrate, a vertical profile can be obtained. That is, anisotropic etching is
possible, resulting in the faithful replication of the pattern to the underlying layer. The physical
and chemical properties of the resist material represent the main limitations for the etching

process. In general, a very high etch resistance is preferred.
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Figure 2.19. Schematic representation of the basic steps of a lithographic process including
coating, exposure, development and pattern transfer such as lift-off & etching.

There have been numerous efforts on investigation of electron beam resists in order to increase
the sensitivity, and the etching selectivity while achieving high resolution. In general, e-beam
resist is categorized as organic, inorganic, and hybrid resists, though there are novel resists such
as silk, ice, and sugar, etc. Some commonly used resists and their characteristics such as
sensitivity, contrast, critical dimension and developers are given in Table 2.3 below.’ In

following sections, these resists will be discussed with their special characteristics.
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Table 2.3. Comparison of lithography properties of most frequent electron beam resists.’

Resist Resist Sensitivity Contrast | CD(nm) Developer Chemical structure
tone (nC/cm?)
PMMA Positive 230 3-4 <5 MIBK:IPA, O- Poly methyl methacrylate
(350 k) (@100 kV) xylene
PMMA Positive 163 3-4 <5 MIBK:IPA, O- Poly methyl methacrylate
(100 k) (@100 kV) xylene
PMMA-MAA | Positive 84 3-4 ~10 | MIBK:IPA, O- Poly(methyl
(@100 kV) xylene methacrylate-co-
methacrylic acid)
uviil Positive 18 11.8 ~30 CD26 TMAH
(@100 kV) (Tetramethylammonium
hydroxide)
uviiie Positive 38-90 10.4 30 CD26 TMAH
(@100 kV)
ZEP520 Positive 73 7.8 ~10 O-xylene a-Hloromethacrylate+a-
(@100 kV) methylstyrene
UVN-30 Negative | 5(@100kV) 6 ~90 CD26 unavailable
HSQ Negative 334 1.1 <5 CD26, MIBK, Hydrogen silsesquioxane
(@100 kV) TMAH
SU-8 Negative 3-7 35 20-30 | ECsolvent, 8 epoxy groups
(@100 kV) cyclopentanone
SAL-601 Negative | 10-30 (@50 5-6 60 TMAH -
kV)
NEB Negative 9-14 4.7 Sub-10 |CD26 -
(@50 kv)
Calix[n]arene | Negative |80-150 1.5-1.9 10-20 | MIBK P-Methylcalix[n]arene
(@50 kV)
PS Negative | 1170 (@ 3.4-4.4 ~5 xylene Polystyrene
SkeV)

2.3.6.3. Popular electron beam resists

Poly methyl methacrylate (PMMA), ZEP, polystyrene (PS), polydimethyl glutarimide (PMGI)
and poly l-butane sulfone (PBS) are common types of organic resists. PMMA, first developed
electron-sensitive polymer in 1960’s,* is currently still one of the most popular e-beam resists.
During e-beam exposure, as drawn in Figure 2.20, long chains of PMMA are fragmented into
smaller chains, making/rendering it soluble in solvents, weak solvents generally.”*> At low
exposures, the scission process dominates and hence PMMA behaves as positive type e-beam
resist; whereas at high exposure doses, the polymerization becomes dominant in the resist and it
behaves as negative type e-beam resist.”® When it is used as negative tone resist, the dose is

almost 10 times higher than the ones usually used for positive tone PMMA.
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Figure 2.20. Schematic illustration of a possible mechanism for PMMA scission suggested by

Alexander et al.>*

The carbon-backbone bond is first broken by an incident electron,

generating two PMMA chains with free radicals at their ends. The damaged monomers then
rearrange themselves to neutralize the dangling bonds, resulting in two stable chains of

PMMA.>®

PMMA can achieve a contrast in the range of 6 to 9 depending on the developer type,

temperature, and strength. For the development of PMMA resist, usually methyl isobutyl ketone

(MIBK) and its mixture with isopropyl alcohol (IPA) are used. MIBK is a strong solvent for

PMMA and controls the solubility and swelling, and IPA dilutes and weakens the developer.

Although IPA is used to develop 40 nm thick PMMA, it cannot fully develop thick PMMA at

any dose, since the electrons begin to crosslink the polymer before the average molecular weight

is low enough for dissolution. MIBK and IPA are hence mixed to progress at positive&negative
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tone boundary. The concentration of the developer mixture affects the sensitivity and the
resolution, given in Table 2.4, and higher concentration of MIBK results in higher sensitivity but
lower resolution.”” Typical conditions of high resolution patterning with 200 nm thick PMMA

resist is to use MIBK:IPA 1:3 with 1 minute development.

Table 2.4. Influence of developer concentration on resist resolution.

Developer concentration Sensitivity Resolution
(MIBK:IPA)
1:3 Low Extremely high
1:2 Medium Very high
1:1 High High
Pure MIBK Very high Low

Besides the choice of the solvent, development condition such as temperature is another factor
affecting resolution and sensitivity of the resist. Recently, Cord reported that PMMA can
achieve sub-10 nm resolution by doing cold development, lower temperature than the room
temperature, (in Figure 2.21).°*>® It is reported that at low temperature of -15 °C, and using
mixture of MIBK:IPA 1:3 ratio, dissolution rate of PMMA molecules decreases, hence the loss
of the PMMA molecules at the trench edges will be less than that at room temperature.’® In room
temperature development process, fully and partially exposed polymer chains are readily
developed by the solvent. However, in cold development process, those partially exposed parts
remain insoluble in the developer. This is observed however at certain temperature range where
it is linked to the fragments’ glass transition temperature.’® It is believed that while sensitivity of
the resist is reduced too much during the process, a large amount of cross-linked material is
created in the exposed region. These polymers will decrease the dissolution of the exposed

PMMA, and hence the contrast and resolution of the resist will be lowered.

Several reports also state that pure IPA with ultrasonic agitation can also be applied for the
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development.” Some others use cellosolve (2-ethoxyethanol): methanol= 3:7 which gives better
contrast than MIBK.® Interestingly, mixture of water and IPA can also be applied for the
development while neither of these solvents dissolve the resist individually.®’ The mixture of
water and IPA acts as a so-called co-solvent, with a solvent strength larger than either separate
component where highly polar water molecule improves the solvent action of IPA. This can be
explained by the modification of the alcohol molecule by water molecule or by the interaction

between water and PMMA molecule.

In summary, PMMA resist is cost-efficient and provides high resolution, high contrast, and low
sensitivity, but it has poor etching resistance to oxygen based and fluorine based plasma etching.
Hence, it is not a good resist for pattern transfer using dry etching; instead, metal deposition and

lift-off is a preferred way to do pattern transfer using PMMA resist.

15 nm |
-> -

Figure 2.21. SEM images of 60-nm-pitch gratings developed at 15 °C, 0 °C, -15 °C, and -30 °C
and etched into a Si substrate, showing the minimum achievable linewidth at each development
temperature. The resolution is improved as the temperature was reduced, peaked at -15 °C, then
dropped sharply at -30 °C. The poor line-edge definition and bridging in the -30 °C micrograph
are characteristic of sloped resist sidewalls, a symptom of poor resist contrast. The "scaly"
coating on the Si in all four micrographs is a 2-nm-thick Au-Pd layer deposited just before
SEM analysis to help reduce charging and had no effect on the process itself.*®

Compared to PMMA, brand co-polymer (1:1 alpha-chloromethacrylate and alpha-methylstyrene)

ZEP (chemical structure is shown in Figure 2.22) provides higher sensitivity (3-5 times higher)
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and etching resistivity (3 times higher than PMMA). ZEP, which is developed by ZEON Inc.,
can also be used as negative type e-beam resist with higher doses, though it is mostly used as
positive e-beam resist. The higher sensitivity and etching resistivity is linked to the presence of
the chlorine and phenyl groups, respectively.®” There are two common available formulations of
ZEP available: ZEP-520 and ZEP-7000, where the main difference is their molecular weight, 67
and 476 kg/mol, respectively; it is reported that higher molecular weight results in higher

contrast.” ZEP-520 is reported with its sub-20 nm resolution capability.***
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Figure 2.22. Poly(methyl-a-chloroacrylate-co-a-methylstyrene), the polymer comprising
ZEP resist.

It is reported that composition of xylene (ZEP-RD), n-amyl acetate (ZED-N50), and MIBK, 2-

2.5%636667 a5 well as mixture of

butanone (ZEP-SD) can be used as a developer, shown in Table
MIBK and IPA and water and IPA. Mohammad et al. compared the sensitivity and contrast

values by using these developers at room temperature and cold development (-15 °C) (Table

2.5).%
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Table 2.5. Dose window information for various developer and development conditions
employed in this study.®®

Developer Dose window at 22 °C Dose window at -15 °C
Values (pC/cm) Dmax/Dmin Values (pC/cm) Dmax/Dmin
ZED-N50 100-205 2.05 213-525 2.46
MIBK:IPA1:3 435-627 1.44 566-1212 2.14
IPA: H20 7:3 863-3256 2.73 No clearance

According to this report, ZEP-520 can give better contrast value with higher sensitivity, and
lower dose requirements if ZED-N50 (or n-amyl acetate) is used as a developer. The highest
resolution positive tone features are shown in Figure 2.23 with 13 nm gaps in 40 nm pitch and
aspect ratio of nearly 1:4.5 in 60 nm thick ZEP-520 resist, where development is done by n-amyl

acetate for 5 seconds at cold temperature (-15 °C).%
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Figure 2.23. Highest resolution/density patterns fabricated using 180 pC/cm, 5 s ZED-NS50 at
-15°C.°®

Major drawbacks of ZEP resist are only one-year shelf-life and high cost. To overcome these
issues, some resists are being developed which have quite similar properties in terms of
chemistry, sensitivity and resolution capability, but longer shelf-life and/or lower cost. Recently,
CSAR-62 from Allresist Inc. is reported with similar contrast values where it consists mainly of
a 9% solution of poly(o-methylstyrene-co-a-chloromethacrylate) with a molecular weight of 38

kg/mol dissolved in anisole, with small additions to improve the electron beam sensitivity.*
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However, after development, it leaves higher amount of residual layer behind than the ZEP520A

resist, the reason of which has not been understood yet.

Self-assembled monolayers (SAMs) are also used as an e-beam resist for possible high resolution
capabilities. SAMs are typically 1-10 nm thick with 0.5-1 nm intermolecular spacing.* These are
organic molecules that spontaneously bind to certain materials such as silicon dioxide, metals,
gallium arsenide, to form ordered monolayers.”” This can be done e.g. by immersing the
substrate into the solutions of octadecyltrichlorosilane (OTS). SAM resist can offer both positive
and negative tone behavior. Recently, Lercel et al. patterned GaAs and SiO; using OTS with 25
nm resolvable features and 100-200 uC/cm’ sensitivity.”” However, as they are very thin with
poor dry etching selectivity and wet etching results in isotropic profile, two-step etching process

was employed for pattern transferring.

CH,

CH,

OCOCH,

Figure 2.24. Chemical structure of calix[n] arene, where # is the number of phenol groups.”

Chemically amplified resists (CARs) are also capable of high resolution patterning.
Calix[n]arene, (chemical structure shown in Figure 2.24) is one of the examples of CARs.' A
typical CAR has two components: a matrix copolymer and a photo-acid generator (PAG). After
the e-beam exposure, post-exposure bake is performed to catalyze the reaction between the acid

molecule and the protecting group, and the generated acid initiates a chain reaction which causes
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several chemical reactions inside the resist, hence it is called chemically amplified resist. As a
result, the exposure can be done at low doses. As shown in Figure 2.25, by using 30 nm thick
calix[n]erene film, Fujita et al. achieved 15 nm diameter and 35 nm pitch dot array.”” Yet the

standard area dose for calix[n]arene is almost 20 times higher than that for PMMA.
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Figure 2.25. SEM image of 15 nm dots at a pitch of 35 nm written in 30 nm thick calixarene
resist.”?

Other examples of CARs include fullerenes and SU-8 resists.””’*”>’® The electron beam
exposure sensitivity for SU-8 was found to be extremely high, making it ideal for patterning over

large writing area; and by modifying its chemistry, it can achieve sub-30 nm resolution (Figure

2.26)."%7

100 keV

Figure 2.26. SEM images of 24 nm wide lines achieved by using SU-8 negative resist.”’
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Hydrogen silsesquoxiane (HSQ) (chemical structure is shown 2.27) is an inorganic negative tone
e-beam resist that can achieve sub-10 nm resolution.” HSQ has a cage-like structure which are

in various sizes, and it becomes a network structure upon e-beam exposure.

Figure 2.27. Schematic representation of the molecular structure of HSQ: (a) cage structure
for an eight-corner oligomer; (b) random structure of the resist solution.*

HSQ is popular with its high resolution and high contrast.*’ Yang et al. achieved 4.5 nm half-
pitch line array pattern using 10 nm thick HSQ film as an e-beam resist (shown in Figure 2.28).”
HSQ, however, cannot be developed by a solvent. After exposure, unexposed part of the resist
reacts with bases such as ammonium hydroxide (NH4OH) or sodium hydroxide (NaOH)
developers to produce hydrogen gas (H,), and the development is done once the reaction reaches
the saturation point. On the other hand, it has very short shelf-time and handling and processing
are not as easy: once it is spin-coated, it has to be baked, exposed and developed promptly so that

its properties are not lost.
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Figure 2.28. 4.5 nm half pitch lines with 10 nm thick HSQ negative resist.”

Metal halides such as aluminum fluoride (AlF3;), lithium fluoride (LiF), sodium chloride (NaCl),
CaF,, MgF, and metal oxides such as AlOyx, ZnO and TiOy are the examples of inorganic
electron beam resists which also have self-developing capabilities. They either dissociate to
halide components, or volatilize the fluorine component and metal component diffuses at the
substrate surface. Hence, metal halides behave as positive tone whereas metal oxides as negative
tone electron beam resist.”> Contrary to conventional electron beam resists, these resists can be
deposited on the substrate via sputtering or thermal evaporation techniques. As they have metal
component inside the molecules, they have high dry etching selectivity compared with other
resists such as PMMA and ZEP. However, they have very low sensitivity (almost 10 C/cm?).
Muray et al. reported a dense array of very small holes (shown Figure 2.29) of 2 nm in diameter
with 4 nm pitch, fabricated by AIF; resist.”” These resists, however, cannot produce arbitrary
structures such as rectangles due to limited lateral diffusion range of the resulting metallic

. 1
aluminum upon beam exposure.””***
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Figure 2.29. Annular dark field STEM image (ADF-STEM) of arrays of holes in AlF; resist: (a)
4 nm diameter and 8 nm pitch; (b) 2 nm diameter and 4 nm pitch.”

Another example of metal-containing resist is polyferrocenylsilane (PFS), its derivatives
containing iron (Fe) and silicon, and PFpP.** Co-PFS, cobalt-clusterized polyferrocenylsilane
(chemical structure is shown in Figure 2.30) can be used as negative tone electron beam resist
with 0.5 um resolution capability. However, these metal-containing polymers are extremely hard

to synthesize.”
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Figure 2.30. Synthesis of cobalt-clusturized polyferrocenylsilane (Co-PFS).*

PFpP, on the other hand, is a newly emerged main-chain, metal-carbonyl metal-containing
polymer with the backbone constructed from both P-Fe metal coordination and Fe—C bonds
(Figure 2.31). Recently, Zhang et al. reported 17 nm line-width with 20 nm half pitch lines.**

PFpP also has better oxygen plasma etching resistance, 4 nm/min, whereas it is 200 nm/min for

46



PMMA resist. However, it has low sensitivity (12000 uC/cm?) and contrast (1.0).

@ Linewidth= 16 75 nm

CO

Figure 2.31. a) Chemical structure of PFp, and b) SEM image of exposed line array pattern
using PFpP, 500 nm pitch, 17 nm line-width, exposed at 15 nC/cm.*
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Chapter 3 Fabrication techniques for
patterning on non-planar and fragile
substrates using evaporated electron
beam resists

The following section is based on previously published work™ by Zhang J, Con C., and Cui B.
ACS Nano 2014, 8 (4), 3483-3489

“Electron Beam Lithography on Irregular Surfaces Using an Evaporated Resist”
Reproduced with permission.

3.1. Introduction and Motivation

One challenge in nanofabrication is to pattern on non-flat or pre-structured surfaces, which is
desired in many fields such as MEMS,? electronic devices,®’ super-adhesive surfaces,® and
optical devices.” For example, nanopatterning on optical fibers allows the so-called lab-on fiber
technology,” and that on an atomic force microscope (AFM) tip allows tip enhanced Raman

92,93

spectroscopy,”’ near-field optical focusing, and the study of fundamental quantum

%93 In addition, nanofabrication on a cylindrical roller may be needed as the

mechanical systems.
mold for roll-to- roll nanoimprint lithography (NIL).”*®” However, it is far more challenging to
fabricate nanostructures on non-flat surfaces than flat ones such as a wafer, for which the popular
resist coating method spin-coating works well.

Previously, various methods have been demonstrated to create nanostructures on non-flat
surfaces. For slightly non-flat yet regular surfaces such as a macroscale curved surface, spin-

coating may still be employed to coat the resist, which can be patterned by NIL using a flexible

mold capable of conformal contact to the surface.”® For a non-planar surface without sharp
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corners or edges such as a V-shaped trench on a wafer, spray-coating may be used to coat a
uniform layer of resist over the trench.” Spin-coating using a very low viscosity resist solution
can be coated uniformly on the side of ridges patterned on a silicon wafer, yet only when the
ridge is aligned along the radial direction during spinning.'® Electron beam resist applied by the
Langmuir-Blodgett method can also be coated on a curved surface, but pattern transfer by dry

101

etching is problematic due to the extremely thin resist thickness; ~ this is also the case for a self-

assembled monolayer resist (pattern transfer through an intermediate wet etching step has been

19219 1 principle,

demonstrated, yet wet etching has poor CD control compared to dry etching).
the resistless nanolithography method, notably focused ion beam milling or deposition, can be
used to pattern any surface, yet its cost is higher and its throughput is much lower than electron
beam lithography (EBL). Therefore, it is believed EBL using a vacuum-deposited resist is the
most efficient method for patterning irregular non-planar surfaces.

Previously, Pedersen et al. have reported the coating of an electron beam resist using plasma-

polymerized hexane.'®*

The resulting hydrocarbon resist presented a negative tone when
developed in a 1:1 mixture of cyclopentanone and o-xylene for 40 min. However, besides its low
sensitivity and poor resolution (demonstrated a 150 nm wide sparse line array), this approach is
not ideal for a wide range of applications, as it needs a special custom-built plasma chamber.
Eric et al. have developed a negative evaporated sterol resist, named QSR-5, which was
employed to pattern on an optical fiber and laser diode facet, as well as on the backside of
membranes for the fabrication of an X-ray mask.'”'%'"” Yet, in addition to its moderate
resolution, this specially formulated resist is not commercially available. Daniel et al. introduced

water vapor into the SEM chamber and formed ice on an AFM cantilever or graphene film,

which was cooled to < 120 K. The thin ice layer was patterned by e-beam exposure with low
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voltage. This novel patterning process is named ice lithography.”" %1%

However, for ice
lithography the resist has to be kept at very low temperature before pattern transfer by lift-off or
dry etching is completed, thus a specially designed tool or tool accessory is needed. In addition,
the resist sensitivity is very low, three orders lower than PMMA, which is already considered an
insensitive resist. Similar to ice, frozen CO, can also be used as an electron beam resist, although
it would suffer from the same drawbacks as an ice resist.''’A metal halide such as AIF; is
another type of inorganic evaporated resist, which again suffers from extremely low sensitivity,

79,81

and it is able to form only line or dot (not areal) patterns. Lastly, silicon dioxide, which can

be grown or coated by various thin film deposition methods, has been used as a kind of electron
beam resist, yet its sensitivity is again extremely low.'"!

Therefore, there is still a great demand for a simple process using a cheap and readily available
evaporative resist for nanofabrication by EBL on an irregular non-flat surface with high
resolution. Here, it will be shown that low molecular weight polystyrene (PS) satisfies all these
criteria. Although its sensitivity is much lower than PMMA, it is two orders higher than the
above mentioned inorganic resists (e.g., >1 C/cm” needed for exposing an ice resist). Previously
it was demonstrated that PS is a very versatile negative resist, offering a high resolution of a 15

112

nm period dense dot array pattern for low molecular weight ~ and very high sensitivity on the

order of 1 pC/cm” at 5 keV for high molecular weight.'"

Its dry etching rate is much lower than
that of PMMA, which is a desirable property for pattern transfer using plasma etching.
Moreover, it can be dry thermally developed to reduce pattern collapse due to the capillary force

when using solvent development.'™*

Additional advantages for an evaporated resist over spin-
coating include the lack of edge bead effect, which is a serious issue for spin coating on small

samples such as a single-crystal diamond,'" precise control of film thickness, uniform coating
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around dust particles on substrates, and negligible attack to the substrate material, which may be

a polymer susceptible to dissolution or swelling by the solvent used for spin-coating.
3.2. Experimental methods

For this work, a low molecular weight of 1.2 kg/mol polystyrene is chosen (Scientific Polymer
Products Inc., Ontario, NY, USA) for PS (chemical structure is shown in figure 3.1) thermal
evaporation with a chamber background vacuum of 2 pTorr using an Intlvac vacuum deposition
system. During the deposition, the heating power was increased slowly until a desired deposition
rate of ~1 A/s was achieved. The actual temperature of the heating boat containing PS powder
was not monitored by the system, but is expected to exceed 575 K, at which appreciable weight
loss was observed.''® We were unable to obtain a uniform and thick-enough PS film for higher
molecular weights such as 5 kg/mol because the process was unstable at the power needed to
give significant vaporization. This process instability is due to the fast decomposition at higher
temperatures and is in agreement with the observed initial sharp decrease in molecular weight

when PS was gradually heated.''®

—+CH,—CH——

— —n

Figure 3.1. Chemical structure of polystyrene (PS) film.

The surface roughness of the PS films prepared by evaporation and spin-coating on silicon
wafers was mapped by AFM. To examine the structural change of PS before and after thermal

evaporation, PS films are coated by thermal evaporation and spin-coating on a KBr substrate and
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we recorded their respective infrared transmission spectra using a Fourier transform infrared
(FTIR) spectrometer (Bruker Vector-27, Bruker AXS GmbH, Karlsruhe, Germany). In addition,
the decomposition of PS due to the high-temperature process can be examined indirectly by
comparing its sensitivity with the spin-coated film, as it is known that for a simple cross-linking
resist such as polystyrene the sensitivity (uC/cm?) is inversely proportional to molecular weight
(kg/mol).""” Here for spin-coating, polystyrene powder with the same molecular weight of 1.2
kg/mol was dissolved in chlorobenzene with a concentration of 1.3 wt/vol %, which gave a film
thickness of 140 nm. After spin-coating, the film was baked at 90 °C for 5 min on a hot plate.

Electron beam lithography was conducted using a Raith 150TWO system with 5 kV acceleration
voltage and 0.2 nA beam current. The exposed PS was developed by xylene (mixture of o-, m-,
and p-xylene) for 1 min and observed by LEO 1530 FESEM. Other solvents that can dissolve the
unexposed PS, including chlorobenzene, toluene, anisole, and cyclohexane, can also be used as a
PS developer with similar results. The PS film was typically 100 nm thick and was coated on
low-resistivity (0.01-0.02 Q.cm) silicon wafer pieces. An AFM cantilever and optical fiber were
used to demonstrate its capability of patterning on non-flat surfaces. To prepare the surface for
PS coating, the buffer layer of the fiber was removed by soaking in acetone and scrubbing,
followed by a solvent cleaning using acetone and 2-proponol and a short exposure to oxygen
plasma. For pattern transfer to the substrate using reactive ion etching, a hard RIE mask layer of
10 nm aluminum was coated by sputter deposition, which gives a better conformal coating on the
irregular surfaces than vacuum deposition. After EBL and development, the pattern was first
transferred into the Al layer using ICP-RIE (Oxford Instruments ICP380 dry etching system, 50

sccm BCls, 5 mTorr, ICP power 800 W, RF bias power 200 W, 15 s) with the resist as a mask
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with the etching selectivity PS:Al = 2:1, then into the substrate with the patterned Al as hard

mask using F-based gases that etch Si (for the AFM cantilever) and SiO, (for the optical fiber).
3.3. Results and Discussion

Figure 3.2 shows the AFM images for an evaporated and spin-coated PS film. As can be seen,
the roughness of the two films was very close to each other, with a mean roughness (Ra) of 0.239
and 0.223 nm for the spin-coated and evaporated film, respectively. However, although not
evident in the AFM images, for a spin-coated film the uniformity is also affected by the dust on

the substrate and the edge bead effect.

10 nm
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Figure 3.2. AFM images of PS films prepared by the spin-coating method (left) and thermal
evaporation (right).

The IR transmission spectra for the PS film prepared by thermal evaporation and the spin-coating
method are shown in Figure 3.3. Both the spectra of evaporated and spin-coated PS show peaks
at 2700-3200 (attributed to the =CH- group), 1500, 1450, 1020 (attributed to the aromatic group),
and ~500 cm™ (attributed to the -CH2- group). This suggests that the PS film coated by
evaporation was not modified chemically during heating and can thus be employed as an electron

beam resist the same way as a spin-coated film.

53



1.2

Spin-coated PS
l L
5 08 |
g/ Evaporated PS
5 06 F
g
= 04 F
ol
S
e 02 r
0 1 1 1 1
0 1000 2000 3000 4000

Wavenumber (cm™)

Figure 3.3. Fourier transform infrared (FTIR) spectra of PS films coated on a KBr substrate by
spin-coating and thermal evaporation methods. The spectra were shifted relative to each other
along the vertical axis for clarity.

Figure 3.4 shows the contrast curves for the PS coated by spin-coating and evaporation. The
contrast of evaporated PS exposed at 5 keV, defined as y = [log(D100/Do)] ", is calculated to be
2.6, and the sensitivity (Dso) was derived as 4500 pC/cm?. The contrast of the spin-coated PS is
4.3 with a sensitivity of 1920 uC/cm®. As seen, the sensitivity is lower for evaporated
polystyrene, which indicates the evaporated film has a lower molecular weight due to partial
decomposition during evaporation. In fact, it is believed that PS can be thermally evaporated
because its thermal decomposition involves not only end-chain scission (unzipping process),
which gives styrene monomer, which cannot form a solid film, but also random chain scission,
which leads to a PS chain with reduced molecular weight and increased volatility to form the

116

film on the substrate surface.” ” On the contrary, the other popular electron beam resist PMMA

cannot be thermally evaporated since its thermal decomposition is mainly an unzipping process.

118

For other polymer resists such as polycarbonate, ° the thermal decomposition is not by chain

scission, but by significant chemical structure modification (generating carbon dioxide,
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bisphenol A, and phenol for polycarbonate, leaving behind a char); thus they are unsuitable for

coating by thermal evaporation.
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Figure 3.4. Contrast curves for 1.2 kg/mol polystyrene by spin-coating and thermal evaporation.
Both were exposed at 5 keV and developed by xylene. The sensitivity (dose for 50% remaining
thickness) and contrast are 1920 pC/cm? and 4.3 for spin-coated PS and 4500 pC/cm’ and 2.6 for
evaporated PS.

To study the resolution capability of the polystyrene resist, periodic dense line arrays with
periods down to 40 nm are exposed at 5 keV. The line was written by single-pass exposure with
a step size of 6 nm. Figure 3.5 shows line array patterns of 50 and 60 nm periods, which are both
well-defined. A line array with a smaller period was found collapsed because of the capillary
force during the drying of the rinsing liquid. The obtained half-pitch of 50 nm is much smaller

. : 103,104,105,106
than the previously reported evaporated resists. = =~

To demonstrate its patterning
capability on a non-flat surface, 50 nm PS film was evaporated onto an AFM cantilever and
exposed with the same conditions. An array of letters “WIN” (Waterloo Institute for

Nanotechnology) with a line width of 34 nm was successfully patterned on an AFM cantilever,

as seen in Figure 3.6.
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150 nm

Figure 3.5. Line array patterns with 60 nm (a) and 50 nm period (b) exposed at a line dose of
18.4 nC/cm.

(€))

Resist pattern

100 nm

Figure 3.6. SEM images of patterned PS on an AFM cantilever by EBL, taken at increasing
magnifications from (a) to (d). The exposed pattern is “WIN”, standing for Waterloo Institute
for Nanotechnology.

For most applications it is desirable to transfer the pattern from the resist to the sub-layer or

substrate. As a proof of concept, a metal (here Al coated by sputtering) pattern are fabricated by
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reactive ion etching (RIE) with BCls gas using the resist as mask, and if desired, the pattern can
be further transferred into the underlying silicon using Al as a hard mask. The pattern in Al and
silicon is shown in Figure 3.7. The star line pattern in Figure 3.7a demonstrated the exposure
uniformity along all directions. Figure 3.7b shows the Al “circuit” pattern with a line width of
about 60 nm, which was transferred to the Si substrate with a depth of 200 nm, as shown in
Figure 3.7c. A high-aspect-ratio (1:20) pattern of the name of our Institute and Group (Waterloo
Nanofabrication Group) was achieved by a longer etching time to give a pattern height of 2 um,
as shown in Figure 3.7d.

Recently, nanofabrication on an optical fiber has attracted growing attention in various aspects,
such as applications in Bragg gratings,'"” optical filters,”*'*! SERS sensors,'”*'* plasmonic

124,125 sl 126,12 : :
12> and transmission measurement.'”*'*” Our process using an evaporated resist can be

lens,
equally applied to patterning an optical fiber, as shown in Figure 3.7. Evaporated PS on a fiber
(cladding layer removed) was exposed by EBL; then the patterns were transferred to an Al layer
and fiber (SiO2) by BCl; RIE followed by CF4 RIE for high aspect- ratio structures. Figure 3.7a
shows the tilted SEM image of the two-dimensional grating array after CF; RIE. With the

patterned Al structure as an etching mask, a pattern on fiber having a depth of 270 nm was

achieved.
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Waterioo Institute for Nanotechnalogy
Waterioo Nanofabrication Group

Figure 3.7. SEM images of (a) Al star line pattern, which demonstrated the exposure
uniformity along all directions. (b) Al “circuit” pattern with a line width of about 60 nm. (c)
Same pattern as (b), after pattern transfer into Si by 1 min RIE for a pattern height of 200 nm.
(d) High-aspect-ratio (1:20) pattern of the name of our Institute and Group by 10 min RIE for a
pattern height of 2 um.

Figure 3.8 b&c show a dot array with a diameter of 200 nm and a crossbar array with a line
width of 167 nm, both etched into the fiber for 270 nm, respectively. To demonstrate the
uniformity along different directions, a star line pattern was exposed and etched into the fiber as
shown in Figure 3.8d. Figure 3.9 compares the 2D grating pattern (same sample as Figure 3.8a)
on the top and side surface of the fiber. To image the pattern on the top surface, the fiber was
mounted on a normal stub, whereas to image the pattern on the side surface (here 6 =70° away
from the top), the fiber was mounted on a 70°-tilted stub. As expected, the pattern on the top
surface (Figure 3.9a) is well-defined. The pattern on the side surface (Figure 3.9b) has a 70"

electron beam incidence angle during exposure; thus the structure is tilted by the same angle.
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Topdiew

Figure 3.8. SEM images of nanostructures on an optical fiber with a height/depth of 270 nm.
(a) 2D grating array with a line width of 167 nm; (b) dot array with a diameter of 200 nm; (c)
crossbar array with a line width of 167 nm; and (d) star line pattern. The insets show a top view
and/or zoom-in view of the structures. The insets show a top view (pattern on the top surface)
and/or zoom-in view of the structures. Except for the top-view images, the wafer piece onto
which the fiber was attached was mounted on a 45°-tilted stub for SEM imaging.

Previously, a similar tilted structure by exposing a wafer mounted on a tilted stub was
achieved.'” Moreover the cross sections of two orthogonal lines are taller than the line sections
next to them. This is because the exposure dose is reduced to cos 70° = 0.34 x nominal line dose,
and thus the lines were greatly underexposed, which led to a shorter resist structure after
development. However, the cross sections received twice the exposure, which gave taller resist
structures sufficient for the subsequent pattern transfer process. The underexposure at large angle
can be compensated through increasing the dose by 1/cos 0. The 2D grating pattern eventually
disappeared when 0 is too large, which led to too low exposure dose and/or too thin resist film
(both dose and thickness are proportional to cos 0 if without dose compensation).

For evaporation on a curved surface of an optical fiber, one consequence of the non-uniform
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resist thickness is related to the resist sensitivity. For a given development time,
positive/negative resist sensitivity increases/decreases with reduced film thickness. Therefore,
for a nominal exposure dose varying by 1/cos 0 (to maintain the same areal dose along the side
surface), when the negative resist on the top (6 = 0°) of the fiber is properly exposed, the resist
on the side would be underexposed or overdeveloped since it is thinner. The degree of
underexposure/overdevelopment and the resulting feature size shrinkage strongly depend on the
resist contrast. For a resist with reasonably high contrast, such as low Mw polystyrene, the

overdevelopment would not cause significant feature size shrinkage because the lateral

development toward the more exposed region is very slow.

Figure 3.9. SEM images of the 2D grating pattern on a fiber. (a) Perpendicular nanostructure on
the top surface (0 = 0°); (b) tilted nanostructure on the side surface (6 = 70°). Note that for (b) the
fiber support was mounted on a 70°-tilted stub, and thus the electron beam had normal incidence
during SEM imaging.

Unlike an AFM cantilever that has a flat top surface, the side surface of an optical fiber has a
circular shape. Thus, the electron beam will be out of focus and distorted away from the top of

the fiber surface, where the beam was well focused with minimal stigmation. As a consequence,
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the achievable resolution on the fiber side surface depends heavily on the depth of focus (DOF)
of the electron beam. The wave nature and diffraction of the electron beam can be ignored when
the feature size is well above 10 nm, as is the case for the current work. Then DOF is inversely
proportional to the aperture size and proportional to the working distance. A large DOF can be
obtained by using a small aperture size such as 7.5 um, which is the smallest one for the Raith
150TWO system, or using a large working distance such as 20 mm, which is the maximum for
the system. However, a small aperture results in a long exposure time because the beam current
is roughly proportional to the square of the aperture size, whereas a large working distance
makes the exposure more susceptible to electromagnetic and vibrational noise. Therefore, a
trade-off between exposure time and achievable resolution on the fiber side surface has to be
made. For example, with 37 um out of focus (fiber radius is 50 um) and 30 um aperture size, one

can achieve 80 nm resolution on a flat wafer.'”’

Moreover, in addition to beam enlargement (here
to 80 nm diameter) due to out of focus, the beam spot size on the side surface is further elongated
by 1/cos 0 (0 is the local incident angle) along the vertical direction.

In addition to DOF, another two important factors for patterning on the side surface of an optical
fiber are film deposition and dry etching uniformity. The film thickness for vacuum evaporation
is proportional to cos 0, with 6 being the incident angle, which is 0 for the top (horizontal
surface) of the optical fiber and 90 for the vertical surface. To achieve a more uniform film, one
can either continuously and automatically rotate the fiber along its axis during deposition or
carry out multiple (e.g., three times) depositions each time the fiber is mounted at a rotated angle
(e.g., 60°). As for the etching uniformity, it is less of a concern because, for dry plasma etching,

the etching direction tends to be perpendicular to the local surface with similar ion energy and

isotropic diffusion of free radicals to the local surface, which results in a weak dependence of the
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etching rate on the incident angle. As a matter of fact, one has to use a Faraday cage' or ion

Bl in order to etch a tilted (i.e., not normal to the wafer surface)

sheath control plate
nanostructure, because the self-formed electrical field inside a plasma environment, which

determines the ion bombardment and thus the etching direction, is always perpendicular to the

sample surface whether the sample is tilted or not.

3.4. Out-of-plane fabrication using evaporated resist

This part has not yet published.

3.4.1. Introduction

Conventional electron beam lithography (EBL) using spin-coated resist is a planar process with
the structure formed in the plane of the substrate surface. Previously, out-of-plane or 3D EBL
has been realized using rotational stage or low-viscosity resist that can be coated on the sidewall

of protruded (out-of-plane) ridges.'*"'*

However, the coating is uniform only for ridges aligned
with radial direction during spin coating. Polystyrene, an e-beam resist that can be evaporated on

non-planar surfaces, can be utilized for patterning on non-planar surfaces of the substrates such

as high aspect ratio ridges (walls).

3.4.2. Experiment and results

Fabrication procedure is shown in Figure 3.10. First, high aspect ratio silicon walls were
fabricated by EBL. To do this, silicon substrate is cleaned by solvent followed by oxygen plasma
etching to remove any organic residues. Then, 200 nm PMMA e-beam resist is spin-coated and

annealed for 1 hour at 180 °C to cure the resist.
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High aspect ratio Angle-evaporated
Thin silicon ridge Polystyrene resist

a) Si substrate

<} Si substrate Si substrate

Figure 3.10. Schematic view of out-of-plane nanofabrication process. a) Fabricate high aspect
ratio thin silicon nano-wall structure. b) Evaporate polystyrene resist with the wafer tilted at an
angle, from one or both sides of the wall; ¢) Electron beam lithography with the wafer tilted at an
angle to expose the resist on the wall; d) Etch through the silicon wall by isotropic RIE using SFs
gas, and remove the remaining polystyrene by oxygen plasma. Here three structures are shown:
tilted pillar, nano-spring and 3D bowtie.

For EBL, Raith 150""° is used with 20 keV acceleration voltages to create single/periodic lines
inside the resist. Upon exposure and development of the resist with MIBK:IPA 1:3 solvent
mixture and IPA rinsing, 10 nm Cr metal film is deposited with e-beam evaporation technique.
After lift-off process of the resist, metal film is then used as a hard etching mask to fabricate the
silicon nanowalls. This is done by dry etching procedure which was non-switching or switching
deep silicon etching using SFe and C4Fs gas. Some of resulted high aspect ratio nanowalls are
demonstrated in Figure 3.11.°P*133B6137 Thege nanowalls with 1:32 aspect ratio are then used
as a substrate for out-of-plane fabrication. Similar structure can also be fabricated by
conventional low temperature (sub-50°C) KOH etching of (110) wafer that could achieve aspect

ratio of over 100."%®
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1:32 aspect ratio

1:8 aspect ratio

2835 nm

344 nm

Figure 3.11. SEM images of high aspect ratio silicon nanowalls. a) array of nanowalls, b)
nanowall with 1:31 aspect ratio, 87 nm wide, 2800 nm high, ¢) nanowall with 1:8 aspect ratio,
344 nm wide, 2835 nm high, d) array of WIN (Waterloo Institute for Nanotechnology)
nanowalls.

To coat the sides of these walls, polystyrene was then evaporated with the wafer tilted with 60
degrees. Evaporation is done by using thermal evaporation technique where evaporation rate was
set to 1 A/s and the film thickness is 200 nm. Next, using LEO FESEM 1530 system equipped
with Nabity pattern generator, EBL was carried out with the wafer tilted, ideally close to 90
degrees, to define the patterns on the wall. After developing the resist with xylene and rinsing
with TPA, resulted structures are observed by using SEM. Shown in Figure 3.12, exposure was
done successfully both on the planar surface and non-planar surface of the silicon and the wall

itself.
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Figure 3.12. SEM images of resulted resist structure on polystyrene resist both on sidewall of the
nanowall and the planar surface of the silicon substrate.

Finally, the silicon wall is etched through laterally using isotropic RIE with SF¢ gas (ICP power
50 W, 20V bias, 100 mTorr) that etches silicon and polystyrene at rate of 465 nm/min and 60
nm/min, respectively. Other materials such as gold can be coated onto the out-of-plane patterns

to form, for example, 3D bowtie structure for light focusing.

Figure 3.13 shows the completed out-of-plane (as well as in-plane) nanostructures consisting of
periodic line and square array patterns, which demonstrates the feasibility of the current process.
As can be seen in Figure 3.13 c&e, free standing structures can be fabricated by using
polystyrene e-beam resist which can be evaporated on planar/non-planar surfaces by thermal

evaporation technique.
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Figure 3.13. SEM images of out-of-plane nanofabrication using polystyrene as a resist,
consisting of periodic line and square array patterns with 100 nm line-width resolution.

3.5. Conclusion

In this chapter, it is shown that polystyrene can be thermally evaporated and applied as an
electron beam resist on a non-flat, irregular, or fragile substrate. Slight thermal decomposition
occurred during evaporation, leading to a reduced molecular weight for the evaporated
polystyrene and thus lower sensitivity as compared to the source material. A high resolution of
25 nm half-pitch was achieved using the evaporated resist. As a proof of concept of patterning on
irregular surfaces, nanostructures on the AFM cantilever and the optical fiber were fabricated.
Moreover, using polystyrene resist, out-off plane nanofabrication using electron beam

lithography is made possible.
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Chapter 4 Fabrication of high aspect
ratio structures on non-planar surfaces
using resist containing metal

The following section is based on previously published work'* by Con C., Zhang J, and Cui B.
Nanotechnology 25 (2014) 175301

“Nanofabrication of high aspect ratio structures using an evaporated resist containing
metal”

Reproduced with permission.

4.1. Introduction

Among all nanolithography techniques, electron beam lithography (EBL), which can generate
arbitrary patterns without the need of mask or mold, is the most popular method for R&D as well
as for device prototyping and the production of photomask and nanoimprint mold. In typical
nanofabrication process using EBL, upon resist exposure and development, pattern transfer is
commonly carried out either by direct etch using the resist as mask or by liftoff. The most
popular resist, polymethyl methacrylate (PMMA), has a poor plasma etching resistance, thus
suitable for liftoff but not for direct etch. The next popular resist ZEP-520A is more resistant to
plasma etching than PMMA due to its stable phenyl group, but it is still far from being ideal for
pattern transfer by direct etching to fabricate high aspect ratio structure. The same is true for
other organic resists including polystyrene (PS), calix[n]arene, ma-N 2403 and SU-8.''>!!3!17.140
The popular inorganic resist, hydrogen silsesquioxiane (HSQ), is resistant to oxygen plasma but

not to fluorine-based plasma used for etching silicon and its compounds.* Other inorganic resists

such as metal halide (notably AIF3) is resistant to plasma etching,””***"'*"1*> byt its application
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is very limited due to its extremely low sensitivity and inability to define structures other than
lines and dots.

To pattern deep structures using direct etching method, obviously one can use a very thick resist
layer. Yet the resist structure may collapse due to capillary force during rinsing and drying upon
development, and the critical dimension (CD) loss may be significant due to lateral etch of the
resist structure. Alternatively, an intermediate hard mask layer such as Cr and Al, which can be
etched by chlorine-based plasma using the resist as mask, is sometimes employed to etch the
sub-layer using fluorine-based plasma. However, this adds extra process steps with increased
complexity and cost. As a consequence, it is desirable to use a resist that contains metal and thus
has a high dry etching resistance.

Four metal-containing resist systems have been previously demonstrated. Apparently, one can
use a resist that contains metal in its chemical structure, such as polyferrocenylsilane (PFS) and

82.143 . . e . .
" However, besides its low sensitivity and resolution (for

its derivatives containing Fe and Si.
PES, 25 mC/cm® and 700 nm, respectively), it is challenging and costly to synthesize such resist.
One exception is the recently studied negative resist poly(sodium 4-styrenesulfonate) that is
inexpensive and readily available,'** but its etching resistance is still not high enough possibly
because sodium is not an ideal hard mask. The second method is to introduce metal or metal
oxide nanoparticles into the resist as a filler, with nanoparticles contents up to 80% that leads to
very high dry etching resistance; but the final resolution (and line edge roughness) is limited by

145

the size of the filling nanoparticles. ~ The third method employs the sol-gel process to synthesis

146

the so-called “hybrid organic-inorganic” resist with high content of metal oxide.”™ The main

issue is the huge volume shrinkage (e.g. from an initial thickness of 200 nm to a final film of 30-
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40 nm) after development and subsequent thermal annealing, which makes critical dimension
control difficult and renders it unsuitable for patterning dense structures.

The fourth method, to incorporate metal into e-beam resist, is the sequential infiltration synthesis
(SIS) of metal oxide (AL,O3) using an atomic layer deposition (ALD) system.'*”"*#1#*-13% 1 SIS
thin film of resist is infiltrated with Al,Os by alternating exposures to trimethyl-aluminum
(TMA) and water in an ALD chamber. Once precursors are diffused into the bulk of the resist
layer and chemical reaction with the resist polymer, the resist becomes more resistant to plasma
etching. However, in addition to process complexity, the SIS procedure increases line edge
roughness and resist swelling, and reduces resist contrast and thus resolution to ~100 nm.

In this work we demonstrate that metal can be incorporated into polystyrene (PS) resist by co-
evaporation, which is possible for polystyrene resist since it can be thermally evaporated just like
most metals do. PS is an organic negative e-beam resist that offers ultra-high resolution for low
molecular weight polymer and ultra-high sensitivity for high molecular weight one. In addition,
like PMMA, it is a simple, low-cost polymer with practically unlimited shelf-life. We have
previously shown that low molecular weight PS can be thermally evaporated, hence capable of
coating onto any irregular non-flat surfaces.” Evaporated resist also avoids some issues of spin-
coated resist, such as swelling or dissolution if the sub-layer is an organic material, or the edge-
bead problem if the wafer is of small size.'"” Since exposed and thus cross-linked PS is difficult
to dissolve, lift-off is challenging and direct etching is therefore preferred pattern transfer
process. Here we achieved a high dry-etching selectivity of 1:35 to silicon by using the co-
evaporated polystyrene-chrome (PS:Cr) composite resist, which was used to pattern high aspect

ratio structure on an AFM cantilever. Nanofabrication on irregular non-flat surfaces, such as
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AFM cantilever and optical fiber, may find applications in the fields of (AFM) tip enhanced

Raman spectroscopy for chemical analysis'' and lab-on-fiber technology.”

4.2. Experimental methods

We chose polystyrene (PS) with molecular weight of 1.2 kg/mol (Scientific Polymer Products
Inc.), as it was found that high molecular weight PS decomposed before vaporization and thus
did not give a film. We used a thermal evaporator (Intlvac Inc.) to co-evaporate PS and Cr, with
the deposition rate individually monitored for each source. Other metals suitable for thermal
evaporation, such as Al, can also be introduced to the PS film. PS powder was put inside a boat
with holes in the cover of the boat. For Cr evaporation, we used a tungsten wire (R.D. Mathis
Company) covered with a thick layer electrodeposited Cr, which allowed a lower evaporation
temperature than putting Cr pieces inside a crucible due to the intimate contact of Cr with the
heating tungsten wire. As Cr adheres well to the substrate and cannot be removed by the solvent
developer, we first evaporated a very thin (20 nm) layer of PS before co-evaporation of the two
materials with a total thickness of 200 nm, in order to assure Cr is not in direct contact with the
substrate. After co-evaporation with different PS:Cr ratios, electron beam exposure was carried

out using Raith 150™"°

system with 5 keV acceleration voltages and 0.2 nA beam current.
Development was carried out by 1 min soaking with xylene in an ultrasonic bath, followed by 2-
propanol (IPA) rinsing. Ultrasonic agitation helped to dissolve the unexposed composite resist
that is more difficult to dissolve than pure PS resist. For pattern transfer into the underlying
silicon, we used Oxford Instruments ICP380 dry etching system with a non-switching process
(22 sccm SF¢ and 38 scem C4Fg, 10 mTorr, 1200 W ICP power and 20 W RF power, etching rate

370 nm/min),"**"* though a Bosch process with a very short cycle time may also be employed to

etch high aspect ratio silicon nanostructures.'>*
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4.3. Results and discussion

Figure 4.1 shows the contrast curve measured by atomic force microscope (AFM) for the
evaporated PS-Cr resist as well as for the pure (no Cr) evaporated polystyrene resist. The two
curves followed each other well, implying the incorporation of Cr did not affect significantly
resist property due to its low concentration. The volume ratio of PS and Cr was controlled by the
quartz crystal thickness monitor for each source, and is here 15:1, leading to a weight ratio of
~2:1 (Cr density 7.2 g/em’, polystyrene 1.0 g/cm’), or roughly one Cr atom per PS monomer.
However, Cr would not distribute uniformly in the PS matrix and a certain degree of phase-
separation is expected. Right after the “gel point” (the dose where the contrast curve starts to
rise), the slope of the contrast curve for the resist containing Cr is more abrupt than pure PS; and
this may be because the Cr-enhanced PS is more difficult to dissolve once cross-linking occurs.
The contrast for the PS-Cr resist is 11.9 that is a very high value. However, the sensitivity is

around 2000 uC/cm?, which is very low due to the low molecular weight, as for simple cross-

linking resist its sensitivity (uWC/cm?) is inversely proportional to molecular weight (kg/mole)

according to the Charlesby theory'**

. The sensitivity is lower than spin-coated resist of the same
molecular weight, presumably because the evaporated resist has actually lower molecular weight

than the source material due to thermal decomposition.
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Figure 4.1. Contrast curves exposed at 5 keV and developed by xylene for spin-coated
polystyrene with molecular weight of 1.2 kg/mol, co-evaporated Polystyrene-Cr and evaporated
(pure) polystyrene (source material with molecular weight 1.2 kg/mol).

Normalized remaining thickness

With a high contrast, the PS-Cr resist is capable of achieving high resolution. Figure 4.2 shows a
pillar array with diameter 55 nm exposed in PS-Cr resist at 5 keV. Smaller pillar diameters
(down to 30 nm, not shown) could be defined, but the pillars (200 nm height, aspect ratio 6.7:1

for 30 nm diameter) all collapsed due to capillary force during drying the rinsing solvent.

200 nm

dth=5.868 ym Mag= 19.48
e Name = 2013050160.tif EHT =10.00

Figure 4.2. Pillar array exposed in PS-Cr resist by electron beam lithography at 5 keV and
developed using xylene for 1 min. The pillar diameter is 55 nm and height 200 nm.
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The metal-containing resist structure was used as mask to transfer the pattern to the silicon
substrate by ICP-RIE with C4Fs and SF¢ gases. As seen in Figure 4.3a-b, silicon structures of
high aspect ratio of 35:1 was obtained. Our measurement on blank film showed an etching rate
selectivity between silicon and PS-Cr (15:1 volume ratio) resist of 1:33, compared to 1:2.6 for
pure PS under the same etching condition. Thus the incorporation of Cr into polystyrene
improved its etching resistance by one order. One major advantage of evaporated resist, as
compared to spin-coated resist, is its capability of coating on irregular non-flat surfaces. As a
proof of concept, we coated PS-Cr resist onto an AFM cantilever, and followed the same
lithography and pattern transfer procedure. The high aspect ratio silicon structure patterned on
AFM cantilever is shown in Figure 4.4a-c. It would be straightforward to employ the same
process to other non-flat surfaces, such as the side or end of an optical fiber for photonics
application.'>'>* Compared to focused ion beam milling that is also capable of patterning on
irregular surface, EBL using evaporated resist is faster (since electron beam can be well focused
even for nA beam current, which is not the case for Ga ion beam), and free from Ga

contamination.
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Figure 4.3. SEM images of high aspect ratio silicon structures patterned by EBL using PS-Cr resist
and ICP-RIE. The width of the short lines is about 100 nm and height 3.5 pm. The remaining PS-Cr
mask is 90 nm as shown in the insert of (a).
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Figure 4.4. SEM images of high aspect ratio silicon structures patterned on AFM cantilever. (a-b)
Images taken at low-magnification for two AFM cantilevers; (c) Zoom-in of the silicon pillar
array in (b).

4.4. Conclusion

To improve dry etching resistance of polymer resist, here we showed that metal can be
incorporated into PS resist by co-evaporation of the two materials onto a substrate. With a
volume ratio of 1:15 between Cr and polystyrene, this nanocomposite resist showed an etching
selectivity to silicon one order higher than pure polystyrene resist. Its contrast was also higher

than pure PS resist by thermal evaporation. Silicon structures of 100 nm width and 3.5 pm height
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(aspect ratio 1:35) were obtained using a non-switching deep silicon etching recipe with SFs and
C4F3 gases. Moreover, as evaporated nanocomposite resist can be coated onto irregular and non-
flat surfaces such as optical fiber and AFM cantilever, we demonstrated the fabrication of high
aspect ratio structures on top of an AFM cantilever. Nanofabrication on non-flat surfaces may
find applications in the fields of (AFM) tip enhanced Raman spectroscopy for chemical analysis

and lab-on-fiber technology.
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Part II Fabrication methods of dense
surface nanostructures
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Chapter 5 Dense nanostructures
without long-range ordering:
properties and low-cost fabrication

5.1. Introduction

Recently, micro- and nano-structured surfaces have become a hot topic in nanotechnology where
performance of devices is enhanced due to surface nano-structuring. Such structures are often
called “smart” coatings where they could provide enhanced functionalities such as wetting/de-
wetting, adhesion, thermal and/or electrical conductivity, super-hydrophobicity, self-cleaning,
anti-icing, anti-reflectivity, anti-fogging, capability to direct cell growth, and gas barrier
properties.>*"*>1*157 Those functions can be generally attained using dense nanostructures
(notably pillars and holes) without long range ordering. Therefore, the costly top-down
lithography methods such as electron beam lithography are not needed; instead, the various low-
cost self-assembly methods are ideal since self-assembly processes usually lead to dense pillar or
hole structures without long range ordering, over large surface area and within a short time.
Hence, fabrication of surface nanostructures, or often described as surface nano-texturing,

attracted great attention in recent decades.'®

This chapter will first introduce the functions
offered by such nanostructured surface, and then give an overview of the various self-
assembly/self-formation methods suitable for the fabrication of such nanostructures at low cost.

Next chapter (Chapter 6) will present our self-assembly method using metal salt-polymer

composite materials and its application for anti-reflection and super-hydrophobic surface.
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5.2. Properties of surface nanostructures
5.2.1. Wetting/hydrophobicity

Nature offers a large variety of surfaces with those types of structures with amazing properties.
For instance, when rain drop is in contact with the surface of lotus leaves, it rolls off the surface
without wetting it since leaves have such surface with super-hydrophobic or self-cleaning
coatings/texturing.”® Those leaves are composed of micro- and nanostructures covered with a
hydrophobic wax, where water droplets attain a quasi-spherical shape. Hydrophobicity, physical
principle occurring at substrate surface with the presence of liquid, is normally characterized
using contact angle measurements, as shown in Figure 5.1. Generally speaking, when a liquid
droplet contacts on a solid substrate, it will remain either as a droplet or spread out on the surface
to form a thin liquid film. Hydrophobic layers commonly have contact angles below 120° and

above 90°, and surfaces providing larger contact angle are called super-hydrophobic surface."’

a) b)

Contact angle < 30° Contact angle ca. 90° C) Contact angle > 120°

Water

Hydrophobic Surface Super-Hydrophobic Surface

Hydrophilic Surface

Figure 5.1. Contact angle measurement and comparison of a) hydrophilic, b) hydrophobic,
and c) super-hydrophobic surfaces.

To fabricate this kind of surface, one needs to texture the surface with sub-micron sized
structures which will increase the amount of air trapped within the pores, and should apply
chemical coatings to lower the surface energy of the substrate. One work was recently achieved
by Checco et al. using block copolymer lithography (BCPL) followed by dry & wet etching to
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get tapered profile on silicon structures, as shown in Figure 5.2, where contact angle is observed

to change from 150° to 165° depending on the profile of the pillars, compared to 112° with

chemically identical flat samples (Figure 5.2.¢)."”

a) SOV g S0
e)
Surface Texture Spacing  Feature height BOaay AB
(1 nm) (£5 nm) (£2°) (£3°)
[nm] [nm] [l !
Flat NA NA nz 6
52 nm spaced pillars 52 180 150 30
30 nm spaced pillars 30 75 137 27
52 nm spaced cones 1 52 75 165 5
52 nm spaced cones 2 52 180 165 6
30 nm spaced cones 30 95 162 7

Figure 5.2. a) Fabrication process of super-hydrophobic surface structures by block copolymer
lithography using PS-b-PMMA block-copolymer film, b-d) SEM images of created pillars with
different tapered profile, and e) measured contact angle values with respect to pillars formed.
Contact angle values change from 150° to 165°. '>°

Such example of application areas includes non-adhesive surfaces for micro-devices,
microfluidics, glass coatings, anti-bouncing additives for pesticides, and environment-friendly

. 1
self-cleaning underwater surfaces, etc.'®

5.2.2. Adhesion

Adhesion properties of surface nanostructures on the foot of insects and reptiles enable them to
be able to move on vertical walls, and such bio-inspired structures are used in robotics, medical
bandages, material gripping, household products, and biomedical devices, etc. '°''%101%* Thege
adhesive structures generally consist of arrays of angled branching hierarchical fibers with

spatula-shaped tips, as shown in Figure 5.3."°° The structures with large aspect ratios provide
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millions of small contact points to the species, and hence enable them to adapt to both rough and
smooth surfaces. It is reported that the physical forces behind this adhesion are van der Waals

: . : : : 165,166,16
forces with possible combination of capillary forces.'®>'°!¢7

body mass =

\

2000 nm : 2000 nm
— — 1 . —

beetle fly spider gecko

Figure 5.3. Terminal elements (circles) in animals with hairy design of attachment pads. SEM
images of the hairy attachment pads of several animals: a) beetle, b) fly, c) spider, and d) gecko.
Note that heavier animals exhibit finer adhesion structures.'*®

Recently, mimicking those structures attracted great attention. Yao et al. reported numerical
modelling of pads mimicking the gecko’s foot, and found that the adhesion strength of a strongly
anisotropic attachment pad exhibits essentially two levels of adhesion strength depending on the
direction of pulling, resulting in an orientation-controlled switch between attachment and
detachment.'®® By using modelling and advancements in fabrication tools, wall-climbing robot,

called ‘Stickybot’, is developed that uses directional adhesive feet.'*>'®>

5.2.3. Anti-reflectivity

Another common application of these surface nanostructures comes from their anti-reflective

properties. In nature, the most famous example is the moth eye, as shown in Figure 5.4a-d,
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where the eye itself is equipped with a quasi-periodic array of sub-wavelength structures (Figure
5.4d). This makes the insect’s big eyes appear lusterless while they are inactive during daytime
thereby disguising from predators.'® It is seen that those eyes exhibit curvilinear surfaces, as
shown in Figure 5.4b, where hexagonally packed convex micro lenses focus light onto the
internal photoreceptor cells.

Clapham et al. discovered that the anti-reflective property of these nanostructures comes from
the effective gradual change of the refractive index between air and the cornea surface.'” In

short, light transmittance increases through the eye, which enhances the omnidirectional anti-

171,172,173

reflective property.

Figure 5.4. (a) Image showing the lusterless eyes of a moth, (b) SEM image of a compound eye
showing a curvilinear array of micro-lenses, (¢) SEM image of the facet micro-lenses called
ommatidia arranged in a hexagonal lattice, (d) High magnification SEM image of the ommatidia
showing the close-packed anti-reflective nanostructures that reduce the reflection of light.'®”

Interaction of light with the medium will be different between macro and nanoscales, as
illustrated in Figure 5.5. Incident light will be reflected, scattered and absorbed on

macrostructures (Figure 5.5b). However, when light is incident on the nanostructures where
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feature size is smaller than wavelength, structures will appear as an interface with a gradual
transition in effective refractive index. Depending on the dimensions of the structures and the
wavelength of the light, reflection of the light is decreased and transmission is increased when
the wavelength is larger than the period of those nanostructures. It is also reported that moth-eyes
have the optimal anti-reflection conditions wusing two-dimensional sub-wavelength
structures.'”*'” To obtain anti-reflection property of any array of nanostructures, relationship
between wavelength (A) of the incident light and the periodicity (p) and the height (d) of those

structures should meet the following condition:

A A
d>ﬁandp<z (9.1)

(b) Light on macrostructure

by
(a)

Light through gradient
refractive index

D,h>A

(c) Light on moth’s eye nanostructure

&
kh .5

D,h ~A/2

Figure 5.5. (a) An illustration showing the light path through a gradient refractive index
medium based on Rayleigh’s theory. (b) Light reflected or scattered from a macrostructure. (c)
If dimensions of the structures are comparable to half the wavelength of light, light would see
the structures as an effective medium with a gradient index profile. (d) Anti-reflective
nanostructure in eyes of other species such as the nymphalids Bicyclus anynana and Polygonia
c-aureum (1,2), the pierid Pieris rapae (3), the lycaenid Pseudozizeeria maha (4) and the
papilionid Papilio xuthus (5).'®°
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Recently, anti-reflective surfaces have found many applications such as in solar cells, electro-

176,177,178

optical devices, lenses, displays, and imaging systems. For silicon-based solar cells, it is

reported that more than 30% of incident light is reflected back from the surface.'”'®

Hence,
anti-reflective coatings (ARCs) are required. Such coating was initially done by coating an extra
layer on cells with a thickness of quarter wavelength. However, those coatings resulted in two
major problems: the minimum reflectance only happens at single wavelength and then gradually
increases as the wavelength deviates from A’ in; the adhesion and thermal stability of the ARC is
generally unsatisfactory due to the mismatch of material properties between silicon and the ARC

71181 Hence, using surface nanostructures as an alternative solution to ARC films is an

layer.
effective way to obtain reduced reflection.

So far, several types of surface nanostructures have been investigated and developed for anti-
reflection properties that can achieve less than 2% reflectivity'™ using lithography techniques

including top-down and bottom-up fabrication procedures which will be discussed in the

following section.
5.3. Low-cost fabrication of surface micro-nano structures
5.3.1. Self-formed surface nanostructures by wet and dry etching

Creating surface nanostructures does not mean only building nanopillar, hexagonal arrays, etc. it
also means nanoporous surfaces. Porous silicon created via electrochemical etching of silicon in
hydrofluoric (HF) solution is also used in surface texturing for solar cell applications since
1970s."®15+1% By controlling the HF ratio, etching time, applied current density, or using
mixture of different acids and hence changing the pore size and the volume, the density of the

pores can be modified for better result. In another way, as shown in Figure 5.6, structures of
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pyramidal shape of silicon is achieved by basic solutions such as potassium hydroxide (KOH)

and sodium hydroxide (NaOH) solutions where reflectivity can be reduced to 12.5%. %8718

In order to increase the efficiency of the porous surfaces, noble metals such as gold (Au),
platinum (Pt), and silver (Ag) nanoparticles can be used to assist HF based solution etching,

182,189,190

whch is called metal assisted chemical etching (MacEtch). In this way, creating high

aspect ratio silicon nanowires is fabricated where less than 1.4% reflectivity is measured with

182

single crystal silicon nanowire sample.

Figure 5.6. Textured silicon surface with 100% pyramid density via NaOH.""’

Besides wet etching, another way of doing maskless etching is using dry plasma etching.'*'*?

Ha et al. developed a process in which mixture of hydrogen (10%) and argon (90%) gases were

176 1n order to enhance the anti-reflection

utilized for creating pyramid-shaped Si nanostructures.
property, upon getting pyramid-shaped structures, 1 um thick poly(dimethylsilexone) (PDMS) is
casted on top of those structures. Resulted reflectivity is measured by less than 10 % in
ultraviolet and visible region, as shown in Figure 5.7.'° In this process, gas flow rates are
changed while chamber temperature is changed from 1100 to 1350 °C. This high temperature

annealing process plays a key role as annealing of silicon weakens the bonds between Si atoms
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under hydrogen environment. As a result, SiHx free radicals are formed easily through the
reaction with hydrogen gas, and resulting both etching and re-deposition of silicon to give the

pyramid-shaped silicon.

i e Pristine Si
| | =——=1350 °C 30 min H, 0.5 sccm

==1200 °C 30 min H, 0.5 sccm

====1100 °C 30 min H, 0.5 sccm

400 500 600 700 800
Wavelength (nm)

Figure 5.7. SEM images and schematics of the Si nanostructures. Etching done at (a) 1350°C,
(b) 1200°C, and (c) 1100°C. Insets: tilted SEM images and schematics of the Si nanostructures.
d) Measured reflectance spectra of the fabricated Si nanostructures. Inset: optical image of the
pristine Si and Si nanostructure etched at 1100°C.""

Recently, Gogolides et al. described how plasma—chamber wall interactions in etching plasma
leads to either random roughening/nanotexturing of polymeric and silicon surfaces, or formation
of organized nanostructures on such surfaces.'” In this work, using a high-density helicon
plasma reactor and oxygen gas at certain pressure and temperature, they reported texturing of

polymers such as PMMA surface, as shown in Figure 5.8. As their process requires specific

86



equipment and conditions such as etching tool, alternative to this method, a thin layer of metal

deposition can be used to create nanosized structures on the surface by annealing, and such a

194,195

metal nanostructure can be used as a hard etching mask to etch the under-layer.
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Figure 5.8. Plasma nanotexturing of PMMA in O, and the role of reactor walls. The z-axis shows
the range of height values in each image. (a) Schematic view of the MET helicon reactor showing
the positions of “painting” with photoresist polymer on the walls in order to reduce wall material
sputtering. (b) Wall condition 1 for PMMA film etched for 2 min. The SEM image shows the
morphology of a polymer film and the roughness formed. c) Wall condition 5 for PMMA film
etched for 2 min. d) Contact angle (CA) and CA hysteresis versus etching time for PDMS and
PMMA. The evolution of super-hydrophobicity and the process window for optical transparency
are also indicated. (e) Reflection spectra (at 6°) of 2 mm PMMA substrates before and after 1, 2, 3
min O, plasma processing on one side of the polymer plate.'”?
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5.3.2. Sol-gel processing
Sol-gel processing has been in use for ARC since 1960s where dip-coating and spin-coating are

used to coat the film.'®

The precursor used in the process is prepared by mixing metal organic
compound in an organic solvent. In dip-coating method, the substrate is immersed into a
precursor solution (sol-gel) and withdrawn at a controlled speed, whereas spin-coating involves
the rotation of the substrate with a precursor dispersed on the substrate surface, followed by
gelation during the evaporation of the solvent as shown in Figure 5.9."*"7 After coating, a final
heat treatment is applied on the coated film in order to transform the coated layer into metal
oxide or fluoride (depending on the precursor) and remove the organic by-products present in the

film. Recently, using this approach, Walheim et al. reported formation of porous ARC layer

inside PMMA-PS mixed polymer film that enables 99.7% transmittance of the light in visible

region.'”
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Figure 5.9. Process steps involved in sol-gel coating of glass using (top) dip-coating and
(bottom) spin-coating.

88



5.3.3. Vapor deposition
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Figure 5.10. SEM images of (a) the thermally dewetted Pt nanopatterns after rapid thermal
annealing (RTA) at different temperatures of (i) 700 °C, (ii) 800 °C, and (iii) 900 °C for
100 s, and (b) etched Si subwavelength structures (SWSs) by ICP etching, and (c) measured
reflectance spectra of the corresponding Si SWSs. %

In order to fabricate ARC layer formed from the surface nanostructures or porous surfaces, metal
film deposition on a substrate is also utilized. For this process, thin metal films are thermally
annealed in order to form sub-micron sized nano-islands on the substrates that can be used as
hard mask for etching the substrate. Recently, Leem et. al. reduced the reflectance of structured

199

silicon to 5% over a wide wavelength range of 350-1030 nm (Figure 5.10)." These structures
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were patterned by using 5 nm Platinum (Pt) film as an etching mask where they are heated up to
900 °C to get desired nano-islands of platinum, as shown in Figure 5.10 a-b.

Alternatively, plasma enhanced chemical vapor deposition (PECVD) and other chemical vapor
deposition (CVD) techniques can be used to create surface nanostructures. To fabricate, for
instance, nitride-based ARC layer such as silicon nitride (SiNx:H) coatings on textured silicon
solar cells, PECVD is a commonly used technique where nitride coatings function both as an
ARC and surface passivation layer for Si solar cells.'®** In PECVD, thin film is deposited on
the substrate where a vapor state of reacting gases turn into a solid state on the substrate.

A new fabrication technique called glancing angle deposition (GLAD) uses evaporation
technique to generate films with low densities, high pore density and hence low
reflectivity.*"****® In GLAD, as shown in Figure 5.11, vapor flux is deposited on a rotating
substrate with a tilted incident angle that allows the thin film to grow with a gradually decreasing
density or high porosity.””* Besides PVD, CVD is also used to fabricate nanostructures for anti-
reflecting properties, such as GaN nanotubes and carbon nanotubes.*”

Lastly, cesium chloride (CsCl) film can be thermally evaporated to form nano-islands as etching
mask upon exposure to humidity after film deposition, which is used to enhance the efficiency of

hybrid solar cells, 169206
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Figure 5.11. a) Principles of glancing angle deposition, b-¢) SEM analysis of chosen thin-film
edges as dense layer, incline columns, zig zag columns, and helical columns.***

5.3.4. Colloidal lithography

Colloidal lithography, colloidal self-assembly, or sometimes called nanosphere lithography, is a
very simple, cost and time effective and reproducible fabrication method on different
substrates."2%%29210211 g chematically shown in Figure 5.12, colloidal lithography is a two-step
process where first two-dimensional (2D) colloidal crystals are prepared on the substrate and
then surface nanostructures are formed using those crystals as a mask in RIE process.*'> Coating
of those colloids can be done in various ways such as dip-coating, floating on an interface,
electrophoretic deposition, physical and chemical template-guided self-assembly, and spin-

coating techniques.'”
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Figure 5.12. Schematic view of the procedure of fabricating anti-reflective structure (ARS)
arrays by colloidal lithography.

In RIE process, during substrate etching masked with the nanospheres, spheres themselves are
also etched. By increasing the etching duration, the transverse diameter of the sphere is
decreased, and the etched area on the substrate is increased gradually. The top diameter of the
obtained structure was nearly the same as the transverse diameter of the sphere above, which
enables the fabrication of cylinder, or frustum-like shaped surface nanostructures. Polystyrene
(PS) nanospheres are the most common materials for colloidal self-assembly as PS has good
etching selectivity with the silicon. Recently, Zhang et al. reported high aspect ratio (1:12 aspect
ratio) anti-reflecting surface nanostructures of hollow-tip silicon nanowire arrays using metal
catalytic wet etching of silicon”® followed by a short time RIE process to tune the shape of the
tips. Resulted silicon hollow-type arrays are shown in Figure 5.13 a & b where reflectance can

drop to below 1.3% in visible and near-infrared region and below 5% in mid-infrared region.
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Figure 5.13. (a) Top-view SEM image of the hollow-tip arrays of 7.1 um in length. (b) Cross-
sectional view SEM image of the hollow-tip arrays of 7.1 um in length. Comparison of the
specular reflectance as a function of wavelength for a planar silicon wafer (black solid line) and
hollow-tip arrays of 2.1 um (grey dash line), 3.4 um (black dash dot line) and 7.1 wm (grey
solid line) in length in the UV—VIS—NIR wavelength region (c) and in the mid-infrared
region (d). The inset shows photographic images of 20 mm x 20 mm polished silicon wafer
(left) and the wafer coated with hollow-tip arrays (right).*"

5.3.5. Block copolymer self-assembly

Block copolymers (BCP) are commonly used in self-assembly of nanostructures.”'**"> BCP
molecules contain two or more polymer chains attached to each other by a covalent bond*'®*!"*'®
where spontaneous self-assembly of those copolymers into different intermolecular phases is
possible because of connectivity constraints, entropic factor and incompatibility between the two
polymer chains. Through those effects, such copolymers can generate spheres, cylinders, double
gyroid, or lamella morphologies that can be used as a mask for etching in order to create surface
nanostructures.”’” Block copolymer micelle lithography (BCML) is a lithography technique

where metal salts are loaded into the micellar cores of the copolymers during micelle formation

93



of block copolymers, as shown in Figure 5.14.*° Micelles consist of insoluble block in the core
and the soluble block pointing outward of the block copolymers, which are formed at critical

value of polymer concentrations.”?'*** Metal salts such as Au, Ag, Pd, Pt, Co, Ni are

a) Wi b) HAuCl, §i//é
T e
C O

Polystyrene Polyvinyl

223,224
reported.”

pyridine
<)
H,/0,
;“%_\\}3”(/_.7"’; plasma
Micelles on Au particles on surface

surface

Figure 5.14. Schematic of block copolymer micelle nanolithography (BCML). a) Structural
formula of PS-b-P2VP block copolymer. b) Micelle formation from a PS-b-P2VP block
copolymer and loading of the gold salt into the micelle core. ¢) Dip coating and subsequent
plasma treatment of the micellar film lead to an array of gold nanoparticles.”*’

By using BCML, highly ordered nano structures can be fabricated over large areas. Compared
with conventional photolithography, it is a versatile and inexpensive technique.”*’ Various
materials such as glass, silica, GaAs, mica as well as sapphire and diamond can be structured
with nano-sized islands over a large area (>> 20 cm?) within minutes. In BCML method, coating
of micelle of block copolymers on substrates can be realized using various methods such as spin-
coating, dip-coating, etc., and the polymer matrix is then removed completely by hydrogen
plasma treatment, where metal such as gold nanoparticles are left behind as surface
nanostructures or as a mask for RIE. Figure 5.15 shows the resulted artificial moth-eye structures

prepared on glass and fused silica where 2% increase in transmission was achieved.**
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Fused silica

Figure 5.15. “Moth-eye” structured glass cover-slips and fused silica samples. a) High

magnification micrograph showing the triangular shape of the glass cones. b) Side-view image

of the pillar array measured with a tilt angle of 45°.*%

5.4. Conclusion

In this chapter, application of surface nanostructures and the fabrication methods are discussed.
Micro/nano-sized surface nanostructures grabbed great attention due to their effect on surface
property. It plays critical role in wetting/de-wetting, adhesion, and absorption of the incident
light to improve the efficiency of the solar cells. These structures were also employed in industry
as a smart coating on the surfaces that provide wetting, adhesion, thermal and/or electrical
conductivity, super-hydrophobicity, self-cleaning, anti-icing, anti-reflectivity, anti-fogging,
capability to direct cell growth, and gas barrier properties. When they are used as an
antireflection coating layer, for instance, reflectivity can drop to below 2% over the visible
spectrum. Creating such structures, hence, is critical where top-down and bottom-up approaches
are utilized. There are many conventional lithography techniques as well as wet etching methods,
such as using acids to create micro-nano-islands on the surface, that can be used as a hard
etching mask. Among them, colloidal lithography, as an easy fabrication technique, is the most

used technique to create surface nanostructures. Block copolymers are also used for the
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fabrication with recent studies using metal salts that can incorporate inside the block copolymer

micelle during micelle formation.
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Chapter 6 High resolution
nanofabrication using self-assembly of
metal salt-polymer nanocomposite film

The following section is based on previously published work? by Con C., Aydinoglu F., and
Cui B.

J. Vac. Sci. Technol. B 33(6), Nov/Dec 2015

“High resolution nanofabrication using self-assembly of metal salt-polymer nanocomposite
film”

Reproduced with permission.

6.1. Introduction and Motivation

Surface nanostructures without long range ordering and precise placement have a wide range of
applications. For instance, they can be used as anti-reflective coating (ARC) for photovoltaic
devices where the reflection of incident light from the substrate surface is greatly reduced to
improve their efficiency. In flat panel display or imaging applications, they can be employed to
increase transmission and eliminate ghost image or veil glare.””” These nanostructures can also
mimic and follow the nature’s example such as lotus leaves to make super-hydrophobic surfaces,
or gecko feet for adhesive surfaces.'>>2¢19%27

These nanostructures can be fabricated via top-down lithography techniques including
photolithography, electron-beam lithography, and nanoimprint lithography, and bottom-up
lithography approaches that are commonly called self-assembly lithography. Top-down
lithography techniques, while offering more precise control of the shape, size and placement of

the nanostructures, usually require sophisticated and expensive equipment. Among them,

nanoimprint lithography is the most promising one since it is relatively a low-cost and high

97



throughput process with ultra-high resolution capability, though the mold has to be fabricated by
other costly lithography. On the other hand, self-assembly lithography is undoubtedly much
cheaper than top down lithography techniques, though it can only achieve either random or
periodic patterns without long range ordering unless otherwise guided. The most popular self-
assembly lithography is the so-called nano-sphere lithography where nanosized spheres are
assembled to form periodic structures. Yet it is challenging to form uniform mono-layer sphere
for sub-100 nm sphere size.””® In recent years, self-assembly of di-block copolymer is gaining
increasing popularity, but the process can be lengthy and very sensitive to substrate preparation,
and feature size over 100 nm is hard to obtain. Another technique to create surface

nanostructures makes use of the self-masking effect in reactive ion etching that lead to the

25192 95 229

formation of “grass” " structure notably “black silicon”.”” Besides silicon, polymer can also be

nano-textured by plasma etching.'***%*!

This roughness instability is due to deposition coming
from sputtering of irremovable materials from the metallic or dielectric reactor wall, which acts
as hard mask during the polymer etching. Moreover, under certain optimal conditions, ordered
periodic morphology can be induced on plasma-etched polymeric surfaces.>"

The next self-assembly technique is the deposition of metal film on a substrate followed by
thermal annealing to achieve sub-micrometer sized metal islands that can be used as hard mask

for etching the substrate.'”*"*>'”

Lastly, CsCl film can be thermally evaporated to form nano-
islands as etching mask upon exposure to humidity after film deposition.”** However, these
techniques based on island film both need high cost vacuum deposition tool.

Here, we report a simple process to obtain nanostructures using low-cost spin-coating method

and RIE pattern transfer. We dissolved metal salt and polymer in a solvent; and after forming a

thin film by spin-coating and thermal annealing to attain a phase separation, the nanocomposite
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film was etched with oxygen plasma to remove the polymer matrix, leaving behind nanoscale
metal salt islands on the substrate that can be used as a hard-mask to dry-etch the substrate or
sub-layer (shown in Figure 6.1). We show that with our method it is possible to achieve sub-20
nm resolution nanostructures on the substrate surface, though it does not give a periodic

structure.

1) spin-coated film 2) Anneal to phase separation

| — W | Polymer:metal

3)RIEtoremove  4)RIEtoetch salt mixture
polymer substrate. B Substrate
antaas Wl Metal salt

Figure 6.1. Fabrication process of ultra-high resolution nanostructures using self-assembly of
metal salt-polymer nanocomposite film. 1) Spin-coating film from a solution containing
polymer and salt. 2) Phase separation by thermal annealing. 3) Etching polymer using oxygen
plasma and leaving behind metal salt nano-islands on silicon. 4) Etching silicon using fluorine
based plasma (CF4 gases) with metal salt nano-islands as mask.

6.2. Experimental methods

For our purpose we have investigated several metal salts containing nickel metal. Nickel is a
very hard etching mask for reactive ion etching using both fluorine and chlorine based plasmas
that can create surface nanostructures. Nickel is found in the form of nickel (II) sulfate, nickel
(IT) nitrate and nickel (II) chloride hexahydrate. Recently, nickel chloride hexahydrate is reported
as a metal salt miscible with PMMA resist to increase its etching resistance by 4 times.”* Unlike

salt-containing electron beam resist for lithography, for the purpose of creating nanostructures by
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self-assembly, the mixture needs to phase-separate. As nickel (II) nitrate hexahydrate
(Ni(NO3),-6H,0) has a low melting temperature (56.7 °C), phase-separation can be attained
readily by thermal annealing.

In the experiment, we first dissolved PMMA powder (996 kg/mol, Sigma Aldrich) with 10
wt/vol % concentration in dimethylformamide (DMF). In parallel, we dissolved nickel nitrate
hexahydrate (99.999% purity, Sigma Aldrich) in DMF with varying concentrations of 1-10
wt/vol %. Afterwards, we mixed the as-prepared PMMA solution and salt solution with 1:1
volume ratio and obtained a uniform clear solution. As such, the final solution for spin-coating
contains 0.5-5 wt/vol % nickel salt and 5 wt/vol % PMMA, leading to a weight ratio of nickel
salt and PMMA ranging from 1:10 to 10:10.

The fabrication process for nanostructured silicon as an example is shown in Figure 6.1. We
cleaned the silicon substrate by solvent and oxygen plasma, and coated 100 nm PMMA on
silicon. This layer of pure PMMA film was found to help attain a more uniform film of the
PMMA -salt mixture. Then the mixture was spin-coated on PMMA film, to obtain a 300 nm-thick
film for the case with 10:1 weight ratio of PMMA: metal (obtained by mixing at equal volume
10 wt/vol % PMMA solution and 1 wt/vol % salt solution, both in DMF). Thermal annealing was
carried out at 120 °C for 1 h to induce phase separation between polymer and the salt. To
evaluate the potential intermixing with the bottom PMMA layer, we spin-coated PMMA
dissolved in DMF on the bottom PMMA layer, and found the total film thickness was the sum of
the top and bottom PMMA films. Hence the bottom PMMA is not significantly dissolved by
DMF during the spin-coating and there should be negligible intermixing between the PMMA-salt
composite and bottom PMMA layer. We also spin-coated a polystyrene film (glass transition

temperature close to that of PMMA, low Flory-Huggins interaction parameter with PMMA and
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thus relatively easy inter-diffusion) on the bottom PMMA layer and annealed the film stack at
120 °C for 5 min. After selectively dissolving the top polystyrene layer using xylene, the
remaining PMMA film had a smooth surface, indicating negligible intermixing during the
thermal annealing. Therefore, we expect the intermixing between the PMMA-salt composite and
bottom PMMA layer is negligible.

Next, we conducted oxygen plasma etching using Trion Phantom II ICP-RIE system (20 sccm
0, 20 W RF power, 0 W ICP power, 100 mTorr, room temperature, etches PMMA 100 nm/min)
to remove PMMA without significant attack of metal salt, leaving behind nickel nitrate nano-
islands on silicon as seen in Figure 6.2. As a final step, we etched silicon by RIE using CF4 gases
(20 sccm CF4, 100 W RF power, 0 W ICP power, 20 mTorr, room temperature; etching rates for
silicon, PMMA and metal salt are 30, 300, and roughly 10 nm/min, respectively) with the salt

nano-islands as hard etching mask.
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Figure 6.2. a) SEM image of the thin film of PMMA: nickel (II) nitrate hexahydrate 10:1 wt%
after spin-coated, without immediate baking, non-uniform film formation is observed. b) AFM
image of the same film after annealing at 120 °C, which introduced uniform film distribution
and phase separation. c) SEM image of the film upon oxygen plasma, removed all polymer
film and left behind nano-sized metal salt islands. d) AFM image of the film upon oxygen
plasma, removed all polymer film and left behind nano-sized metal salt islands.

6.3. Results and discussion

The main challenge is to find a solvent that can dissolve both PMMA and metal salt, because
salts are typically soluble in water whereas polymers are commonly soluble in organic solvents.
Broadly speaking, solvents are categorized as non-polar solvent such as benzene and toluene,
polar aprotic solvent such as tetrahydrofuran (THF), acetone, and DMF, and polar protic solvent
such as ethanol, acetic acid and water. After extensive search and trial, we found that this nickel
salt is soluble in solvents including THF, DMF and acetic acid, all of which can also dissolve

PMMA. Atomic Force Microscopy (Dimension 3100, tapping mode using standard silicon tip)
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images are shown in Figure 6.3. Only DMF gave a uniform and smooth film with a rms value of
5.0 nm after spin-coating and thermal annealing, and the other two solvents gave very rough
films with a rms value of 26.1 and 27.1 nm for acetic and THF, respectively. Hence we chose
DMEF solvent, which is a polar aprotic solvent having a boiling temperature of 153 °C. As for the
polymer, we studied only PMMA that is a well-known electron-beam lithography resist and is
very popular with low cost.

After PMMA removal by oxygen plasma etching and pattern transfer into silicon using CF4 gas
RIE, the obtained self-assembled nanostructures are shown in Figure 6.4, by using Zeiss
UltraPlus FESEM. We obtained dense, with the diameters average to be 40.5 nm (Figure 6.4a,
and 6.4b) and a standard deviation of 12.46 nm pillars with 100 nm height by using nickel nitrate
and PMMA nanocomposite with mass ratio of 1:10 (i.e. the weight concentration for PMMA in
the DMF solution is 10 times that of the nickel nitrate hexahydrate), and the pillar diameters are
relatively uniform, though the pillar location is rather random without short or long range

ordering.
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Figure 6.3. AFM images of the thin film of PMMA: nickel (II) nitrate hexahydrate, dissolved
for spin-coating in a) DMF, b) acetic acid, and c¢) THF, respectively. Nanocomposite film
inside DMF gives less roughness (5.0 nm) than others (26.1 nm with acetic acid and 27.1 nm

with THF).

For this weight ratio, it can be calculated that on average each MMA monomer contains 0.034 Ni
atom (alternatively, 1 nickel atom in every 29.0 MMA monomers). As we increased the amount

of nickel salt inside PMMA to a ratio of 2:10 - 5:10 (Figure 6.4c-e), pillars become larger that is
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expected, and the structure became less well defined. Further increase of the salt in PMMA to a
ratio of 7:10 & 10:10 resulted in poorly-defined nanostructure (Figure 6.4f-g), implying that salt
islands were agglomerated to form quasi-continuous film.

As the salt consists of a large amount of hydrate (here hexahydrate), it might be decomposed
(dehydrated) during the thermal annealing process. Thermal decomposition of metal salts

234,235,236,237,238,239 : -
qPH#> BB ypder atmospheric or nitrogen

including nickel nitrate has been well studie
environment by monitoring the reactions occurring throughout the decomposition up to 600°C
by means of thermogravimetry analysis (TGA) and differential thermal analysis (DTA).”*® These
works reported that, with thermal treatment at low pressures (<5 mbar), only
decomposition/dehydration products (tetrahydrate, dihydrate and anhydrous nickel nitrate) are

0" Additional study at high temperatures of above 200 °C and low

obtained in the first step.
pressure conditions suggests the presence of intermediate compounds with different
characteristics, which eventually give place to NiO with different surface properties.**” Under

atmospheric conditions, Elmasry et al.”*’

reported that decomposition/dehydration starts at low
temperatures by losing water, and the nickel salt becomes anhydrous (Ni(NOs),) at 205 °C where
37% mass is lost and constant mass is maintained above 205 °C till 303 °C, where the salt turns

into Niy(OH), and becomes nickel oxide (NiO) at 505 °C along with a mass loss of 73.3 % of its

original mass.
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Figure 6.4. SEM images of silicon nanostructures, etched using phase-separated nickel (II)
nitrate metal salt:PMMA film as a mask with different weight ratio. a-b) 1:10, c¢) 2:10, d) 3:10,
e) 5:10, f) 7:10, and g) 10:10. It is observed that with 10:1 ratio film, some pillars with diameter
less than 20 nm are formed.

According to the TGA analysis by Elmasry et al.,”

? our annealing at 120 °C at atmospheric
condition would lead to a ~12 % mass loss, corresponding to a drop in molecular weight from

290.79 g/mol to 255.89 g/mol by forming Ni(NO3),-4.1H,0.
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Lastly, similar hard mask for etching the substrate can also be obtained by mixing metal or metal
compound nanoparticle with a polymer, followed by etching away the polymer using oxygen
plasma. Nanocomposite consisting of metal nanoparticle dispersed in a polymer matrix is
considered as a single homogeneous material with unique thermal, mechanical and biological

. . . 241242
properties when compared to conventional composite.”"”

Yet it is challenging to disperse
evenly the nanoparticle into a polymer matrix, and typically the nanoparticle surface has to be
functionalized to avoid agglomeration and attain even distribution in the solvent for spin-coating
to form a film. Our method is advantageous in that the final feature size can be tuned by

adjusting the salt-polymer weight ratio or annealing conditions, whereas the nanoparticle

composite gives only a fixed feature size equal to the particle diameter.
6.4. Conclusion

In this section, development of a simple process to obtain nanostructures using the low-cost spin-
coating method and RIE pattern transfer was discussed. Metal salt and polymer are dissolved in a
solvent; and after spin-coating to form a thin film and thermal annealing to attain a phase
separation, the nanocomposite was etched with oxygen plasma to remove the polymer matrix,
leaving behind nanoscale salt islands on the substrate that can be used as a hard-mask to dry-etch
the substrate or sub-layer. The key challenge for this process is to identify a solvent or solvent
mixture that can dissolve both the salt (commonly soluble in water) and polymer (commonly
soluble only in organic solvent). After extensive testing, we found that nickel (II) nitrate
hexahydrate and PMMA can be dissolved in DMF and form a uniform film by spin-coating.
Nickel nitrate is a suitable salt since nickel is a very hard mask for RIE using both F- and CI-
plasmas, and it has a low melting temperature of 56.7 °C. It is calculated that 10:1 weight ratio of

PMMA and salt corresponds to 1 nickel atom in every 29.0 MMA monomers. Using this method
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with optimum weight ratio of 1:10, very high resolution (down to 20 nm) silicon nano-pillars
with 100 nm height and ~100 nm spacing at low cost and wafer-scale high throughput can be

achieved.

6.5. Application for anti-reflective and super-hydrophobic coatings

The following section is not previously published.

As shown in the sections above, our method is capable of high resolution fabrication of surface
nanostructures. Nickel salts have been initially tested, but as it is a magnetic material and less
microfabrication compatible, here I extended the choice of metal salt to aluminum (III) nitrate
nonahydrate [Al(NO3)3;.9H,0] (ANN), and chromium (III) nitrate nonahydrate [Cr(NO3);.9H,0]
(CNN), since Al and Cr are more microfabrication compatible - they are both commonly used as
hard plasma etching mask for pattern transfer in micro/nano-fabrication. For instance, selectivity
between Cr and Si using silicon etching recipe developed by Khorasaninejad et al.">’ is ~1:80. In
addition, ANN and CNN have a low melting point around 66 °C and 60 °C respectively, which
increases their chance of phase separation at relatively low temperature. Lastly, it is found that,
similar to nickel metal salts, those metal salts are also soluble in DMF solvent. Hence, I prepared
ANN:PMMA and CNN:PMMA metal salt: polymer nanomaterials with different concentrations,
and the solution in DMF was homogeneous to give a smooth thin film after spin-coating on a
substrate.

6.5.1. Effect of annealing temperature on formation of nanoislands

To study the effect of annealing temperature on phase separation of metal salts, I prepared ANN
: PMMA with 1:10 ratio. Keeping same spin-coating conditions, I annealed the films at
temperatures ranging from 40 °C to 200 °C. After annealing, samples are exposed to oxygen

plasma to remove the polymer part of the film, and then the underneath silicon is etched using
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switching (Bosch) or non-switching etching recipe with SF¢ and C4Fs gas.'”® Typical resulted
structures are shown in Figure 6.5. Nanopillars are formed in all conditions, even without
annealing (Figure 6.5a), Relatively uniform distribution of pillar diameter and inter-pillar

spacing was obtained when the film was annealed at 100 °C.
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Figure 6.5. SEM images of silicon nanostructures, etched using phase-separated aluminum (III)
nitrate nonahydrate (ANN) metal salt : PMMA film as a mask with 1:10 weight ratio annealed at
different temperatures. a) no baking, b) 40 °C, c¢) 50 °C, d) 60 °C, ¢) 80 °C, f) 100 °C, g) 120 °C,
h) 150 °C, 1) 180 °C, and j) 200 °C. It is observed that with 10:1 ratio film, pillars with diameter
sub-50 nm are formed uniformly with 100 °C (Figure f) and 120 °C (Figure g) baking
temperatures.
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6.5.2. High aspect ratio nanopillars formation

After a systematic study, I chose to use ANN with 1:10 metal salt : polymer weight ratio and
120°C annealing temperature since this condition gives more uniform pillar diameter. After
annealing the film for 1 hour, 10 min oxygen plasma etching is performed, followed by 4 min
RIE. As shown in Figure 6.6, pillars with sub-40 nm diameter and ~1:30 aspect ratio are

fabricated with average inter-pillar distance of roughly ~300 nm.

Date :11 Aug 2015 Time :12:30:34
ns System Vacuum = 3.15¢.006 mbar

Figure 6.6. SEM images of silicon nanopillars formed upon DRIE using aluminum nitrate
nonahydrate: polymer 1:10 ratio. a) Nanostructures over large area b) 40 nm diameter pillars with
1:29 aspect ratio annealed at 120 °C.

6.5.3. Effect of metal salt: polymer ratio on formation of nanostructures

In order to apply those structures for anti-reflection or super-hydrophobic coatings, denser pillars
are desired. ANN : PMMA and CNN : PMMA mixture with different ratios in DMF solvent
were prepared. Upon film spin coating on the substrate, films are baked at 120 °C for 1 hour. As
discussed in chapter 5, surface nanostructures are popular for anti-reflective and/or hydrophobic
coating applications, and ideally the pillars should have a cone-shape tapered profile. Hence, I
modified the etching process to fabricate such cone-shaped pillars. Previously, Faycal et al.

reported RIE recipes to give tapered profile.”” Using the same etching recipe, resulted structures
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are shown in Figure 6.7 for ANN : PMMA, and Figure 6.8 for CNN : PMMA with different
ratios. For ANN salt, as shown in Figure 6.7a and 6.7b, pillars with diameter close to 400 nm are
formed, and the pillars are denser with 100 nm diameter and more tapered when metal salt :
polymer ratio was increased to 3:10 and 5:10 (see in 6.7c and 6.7d). As for CNN salt, (Figure
6.8), the pillars have similar dimensions to those produced by ANN salt. This was expected as

these metal salts have similar chemical structure and melting temperature.

200 nm Mag= 2000KX WD= 6 Time 2 w m 200 nm Mag= 2 Date :19 May 2
EHT =20.00 ign: il e ystel
1 ) .

Width =6.717 ym 200 nm Mag Date :19 May 2016 Time :9:49:26 Width=6.717 ym
File Name = 2016051921t 2 s System Vacuum = 6.10¢-006 mbar File Name = 2016052407 tif

Figure 6.7. SEM images of silicon nanopillars formed upon DRIE using aluminum nitrate
nonahydrate: polymer a) 1:10, b) 2:10, ¢) 3:10, and d) 5:10 ratio.
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Figure 6.8. SEM images of silicon nanopillars formed upon DRIE using chromium nitrate
nonahydrate: polymer a) 1:10, b) 2:10, ¢) 3:10, and d) 5:10 ratio.

6.5.4. Anti-reflectivity properties of fabricated surface nanostructures

Figure 6.9 compared silicon wafer before and after surface nanostructuring using metal salt :
polymer phase separation self assembly and RIE pattern transfer, which shows clearly the greatly
reduced reflectivity for the structured surfaces. In order to quantify the anti-reflective property,
reflectivity measurements were carried out using PerkinElmer Precisely Inc. Lambda 35 UV/VIS
spectrometer with spectrum scan speed of 240 nm/min. Resulted spectra are shown in Figure

6.10. As expected from SEM images shown in Figure 6.7 and 6.8, reflectivity is decreased by
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increasing salt ratio in the nanocomposite film. Compared to bare silicon which shows ~35%
reflectivity in visible region, the reflectivity drops to 15 % for structures fabricated using metal
salt : polymer ratio of 1:10, 12 % for 2:10, 7 % for 3:10, and only 2 % for 5:10 ratio, which

represents one order improvement over the unpatterned bare silicon wafer.

Bare silicon
wafer

Figure 6.9. Comparison of silicon wafer before and after processing with metal salt : polymer
composite film and DRIE. It can be seen by eye how they show less reflectivity with respect to
bare silicon wafer.

The improvement is also rather high compared to many published results that occasionally
reported reflectivity down to 2% in visible region. Further improvement of our result might be
realized by increasing the metal salt content in the nanocomposite film; yet actually the surface
structures turned out to be very large at too high metal salt content, which led to higher
reflectivity. This is not unexpected because more metal salt would eventually result in merged
nanoislands to form much larger ones. Another way to enhance the anti-reflectivity property
could be by using different plasma etching conditions to provide more tapered profile or higher

aspect ratio structures.
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Figure 6.10. Comparison of reflectivity measurements of silicon wafer with nanopillars
fabricated by using a) ANN:polymer, b) CNN:polymer metal salt with different weight ratios.

6.5.5. Super-hydrophobic applications of fabricated surface structures

Another popular application of these surface structures is for hydrophobic coatings. In order to

test this property, water contact angle measurements were conducted, using Ramé-hart Model

200 Standard Contact Angle Goniometer with DROP image CA v2.5, on samples coated with a

self-assembled monolayer of Trichloro (1H,1H,2H,2H-perfluorooctyl)silane (FOTS). Results of

water droplets on bare silicon wafer and on surface structured wafers using metal salt (ANN or

CNN) : polymer nanocomposite of different weight ratios are shown in Figure 6.11. Silicon

wafer gives a contact angle of 110° when coated with FOTS, whereas our structures can greatly

increase the contact angle up to a remarkable value of 165.7° when using 3:10 ratio of metal salt

: polymer. Our results are close to the reported highest contact angles, such as the 165° water

contact angle achieved by Checco et al.,"” yet our process is simpler with lower cost.
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Figure 6.11. Comparison of water contact angle measurements of silicon wafer with
nanopillars fabricated by using a) ANN : polymer, b) CNN : polymer metal salt with different
weight ratios after treatment with FOTS surfactant.

6.5.6 Conclusion

By using phase separation of metal salt — polymer nanocomposite film, we showed the
fabrication of surface structures etched into silicon with high aspect ratio (1:30) and high
resolution (sub-50 nm). Aluminum nitrate nonahydrate and chromium nitrate nonahydrate can
both be used in order to obtain those structures. By using appropriate metal salt : polymer ratio,
here 5:10 as optimum, reflectivity of light in visible region can be reduced down to only 2 % that
is quite remarkable for many applications. Beside anti-reflective properties, these fabricated
structures can also provide super-hydrophobic property with exceptionally high water contact
angle of up to 165.7°. These values could be further improved by modifying metal content inside

the composite film or optimizing the silicon dry etching conditions.
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