ABSTRACT

ZHANG, XU. Functional Three-Dimensional Nanostructures Using Colloidal Particles.
(Under the direction of Dr. Chih-Hao Chang).

With nanotechnologies influencing more aspects of human life and society, there are strong
needs to develop facile, scalable and cost-effective three-dimensional (3D) nanofabrication
techniques to enable a variety of 3D nanostructures for applications, such as in energy,
photonics, and life science. In this dissertation, a facile approach for fabricating 3D hollow
nanostructures is investigated with the combination of “top-down” lithography and “bottom-
up” colloidal particle self-assembly. By examining the light-particle interactions, the intensity
distribution can be tailored and harnessed for 3D nanolithography. Here, I examined the use of
light scattering from colloidal particles to fabricate complex hollow nanostructures. In this
approach, a single colloidal sphere is illuminated in either normal or oblique directions to
create a 3D Mie scattering pattern, which is captured by photoresist in close proximity. No
external optical elements are required, and the colloidal elements alone provide the modulation
of the optical intensity pattern. The fabricated nanostructures can be designed to have multiple
shells, confined volumes, and single top openings, resembling “nano-volcanoes,” or complex
asymmetric 3D nanostructures by oblique and multiple illuminations. The geometry of such
structures is dependent on the scattered light distribution, and can be accurately modeled by
examining the light-particle interaction. The hollow nanostructures can be used to trap
nanomaterials, and I have demonstrated their ability to trap 50 nm silica nanoparticles. These
well-defined surface hollow structures can be further functionalized for applications in
controlled drug delivery, nanonozzles and bio-trapping. Colloidal elements with different
geometries and material compositions can also be incorporated to examine other light-colloid

interactions.



The refractive indices of naturally occurring materials are limited, and there exists an index
gap between indices of air and available solid materials. With many photonics and electronics
applications, there has been considerable effort in creating artificial materials with optical and
dielectric properties similar to air while simultaneously being mechanically stable to bear load.
In the second part of this dissertation, I demonstrated a class of ordered nanolattice materials
consisting of periodic thin-shell structures with near-unity refractive index and high stiffness.
Using a combination of 3D nanolithography and atomic layer deposition, these ordered
nanostructured materials have reduced optical scattering and improved mechanical stability
compared to existing randomly porous materials. Using ZnO and Al2Os as the building
materials, refractive indices from 1.3 down to 1.025 were achieved. The experimental data can
be accurately described by Maxwell-Garnett effective media theory, which can provide a guide
for index design. The demonstrated low-index, low-scattering, and high-stiffness materials can
serve as high-quality optical films in multilayer photonic structures, waveguides, resonators,
and ultra-low-k dielectrics.

Tunable nanostructures are attractive in nanostructure research as they can induce dynamic
physical properties in a fundamental way which traditional macroscopic structures could not.
Although magnetically tunable microstructures have previously been demonstrated in fluid
manipulations, reversible dry adhesives, and cell manipulations, little effort has been put into
fabricating and characterizing tunable nanostructures. In addition, existing structures are based
mostly on composite polymer materials with embedded nanomaterials, where the magnetic
parameters can only be controlled by the species and volume fraction of the magnetic material.
In the last part of my dissertation, I propose a fabrication method for tunable periodic

nanostructures where the mechanical compliance and magnetic actuation can be independently



controlled using standard micromachining techniques and interference lithography. A
fabrication process towards magnetically tunable nanostructures is demonstrated and high-
aspect ratio PDMS nanopillar arrays were fabricated with integrated magnetic materials. The
integration of the tunable nanostructures with microelectromagnets was also demonstrated.
Such tunable nanopillar arrays can find many potential applications, such as in nanofluidic

manipulation, dynamic photonic structures, and reversible dry adhesives.
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CHAPTER 1
INTRODUCTION
Nanoscience and nanotechnology for the study and manipulation of objects in the order of
billionth of a meter have been quite exciting research areas for the past decade. The unique
properties and phenomena of nanoscale objects compared to their macroscopic counterparts
provide the main drive for the rapid scientific and technological advance in these areas. For
example, gold nanoparticles can exhibit the full spectrum of colors with varied particle sizes
while the bulk gold only appears golden. For nanoscale gold particles, the electrons experience
different confinements with different sizes. This leads to significant changes of optical
absorption spectra, and such unique optical interactions cease to be effective at the macroscale.
Nanoscale materials also possess far larger surface area to volume ratio than macroscopic
materials. This feature can be beneficial to enhancing chemical reactivity of catalysts and
energy storage capacity. Nanotechnology has also been connected to biology and life sciences,
such as in the study of cell behaviors with nanostructures. It can be seen clearly that
nanoscience and nanotechnology differ from conventional scientific disciplines and are now
the “battle fields” of interdisciplinary research involving physics, chemistry, life science, and
engineering. Such new ideas spur from the interactions of people with multi-disciplinary
background and different expertise. The field has developed so rapidly and can affect so many
aspects of everyday life that government-led initiatives have been launched in many countries
around the world, such as the National Nanotechnology Initiative (NNI) in the US. There are

also new educational programs, such as the NanoDays, which supplement the development of



the field by improving public recognitions of nanoscience and nanotechnology and bringing

young talents to be future researchers.

Despite the vast scope of nanoscience and nanotechnology, substantial research efforts have
been devoted to the subfield about nanostructures and nanostructured materials. It is impossible
to cover all the aspects of various nanostructures in zero dimension (0D), one dimension (1D),
two dimensions (2D) and three dimensions (3D). In particular, I will introduce specifically
about 3D nanostructures regarding their applications and fabrication techniques in this chapter.
The applications of 3D nanostructures will be briefly introduced in the areas of bio-inspired
functionalities, photonics, energy, and biomedical engineering among other areas, and then a

review of 3D manufacturing techniques will be given.

1.1  Applications of 3D Nanostructures

1.1.1  Bio-Inspired Functionalities

Significant scientific and technological progress has been driven by the study of nature and
often lessons are learned to inspire novel designs of functional structures and materials. With
the advent of nanotechnology and the advance of analytical techniques, such as scanning
electron microscope, nature’s brilliant designs at the nanoscale have been revealed to inspire
various innovations of materials with improved functionalities. Here a few examples are given
with an emphasis on the naturally-occurring 3D nanostructures, as shown in Figure 1-1. The
surface of moth eye is covered by nanostructures with tapered geometry to serve as broadband
wide-angle antireflection coatings, which cannot be achieved with conventional planar

antireflection coatings, as depicted in Figure 1-1(a) [1]. The incredible wall-climbing



capability of geckos is solely due to the hierarchical structures of microscale setae and
nanoscale spatulae, as shown in Figure 1-1(b) [2]. The adhesion is due to van der Waals force
and is directional by the angular alignments of the structures [3], [4]. Self-cleaning capabilities
have also been discovered from the same structures [2]. Gecko’s foot serves as an excellent
example of multifunctionalities in nature’s design. Another example is the butterfly wing,
where the complex hierarchical periodic structures give the brilliant color due to diffraction,
as well as the ability to shed water directionally at the same time, as shown in Figure 1-1(c)

and (d) [S]-{7].

Figure 1-1. (a) Antireflective nanostructures of moth eye [1]. (b) Directional dry adhesive
nanostructures [2]. (¢) Structural color of butterfly wings [1]. (d) Directional wetting of butterfly
wings [7].



Considerable research has been conducted to mimic the bio-inspired functionalities shown
before, thanks to the rapid progress of advanced nanofabrication techniques. Engineered dry
adhesive structures range from microscale pillars by replication techniques [8], [9] to the true
resemblance of the hierarchical gecko foot structures by soft lithography and dry etching [10].
Structural colors with butterfly wing-type structures have also been studied extensively and
realized by dry and wetting etching techniques [11]. Engineered multifunctional nanocone
structures have been realized using replication and etching techniques [12]-[15]. The

nanocones structures show capabilities of enhanced optical transmission, anti-fogging,

superhydrophobicity and self-cleaning, as shown in Figure 1-2.
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Figure 1-2. Multifunctional glass [13]. (a) Nanocone structures. (b) Multifunctionalities of nanocone
structures.



1.1.2  Photonics Applications

Compared to the macroscopic bulk materials, light can behave quite differently when
interacting with 3D nanostructured materials. Periodic arrangements of dielectric materials
with dimensions in the order of light wavelengths can reflect light completely for certain
directions and frequencies. Such materials are named “photonic crystals” and the reflection
bands are called the photonic band gap. An example of photonic crystal is given in Figure 1-
3(a)-(c) using four-beam interference lithography [16]. The reflection spectrum shown in
Figure 1-3(d) shows exceptionally high reflectance at around 1.3 um wavelength, which falls
within the photonic energy band gap. The research about 3D photonic crystals is active and
vibrant largely due to their promising applications in zero-threshold lasers [17], on-chip 3D
waveguides [ 18], [19], unique planar optical elements [19], superprisms [20], and electron and
photon confinements [21]. One attractive goal in this area is the realization of photonic
circuitry instead of the current mainstream electronic circuitry by manipulating photons fully
in 3D photonic crystals. Information carried by photons can be transported and processed at
the speed of light compared to electrons without suffering from Joule heating and RC delay.
However, major challenges still remain about cost-effective and scalable fabrication methods

of 3D photonic crystals and the introduction of defects.
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Figure 1-3. (a)-(c) Polymer photonic crystal fabricated with four-beam interference. (d) Transmittance
and reflectance spectra of the fabricated photonic crystal [16].

1.1.3  Energy Applications

With the rapid consumption of fossil fuels in recent years, technologies to harvest renewable
energy have been demanding. Solar energy is one of the most abundant energy sources on earth
and there has been much research into photovoltaics with high conversion efficiencies and low
costs. Conventional solar cells are based on planar and thin-film architectures. However, recent
studies show that three-dimensional nanopillars of the active solar cell materials can enhance
light absorption and improve carrier collection efficiencies on both rigid and flexible substrates
[22]. Three-dimensional nanoshell structures was also proposed as light trapping materials by
inducing whispering gallery modes inside the nanoshell structures [23]. The modes enhance
the optical path length significantly through resonance and thus allow more energy to be
absorbed and converted to electricity. Note that this work is also an excellent example of
photonic applications of 3D nanostructures, which was described in the previous section. With
the rapid growth in portable consumer electronics, there are great needs for batteries with high
energy capacity and fast charge and discharge abilities. 3D nanostructures can also be helpful

here. 3D bicontinuous battery electrodes were fabricated using opal templates from colloidal



particle self-assemblies, as shown in Figure 1-4 [24]. The interconnected 3D pore network
enables rapid ion transport and a large electrode surface area, leading to ultrafast,
supercapacitor-like discharge and charge rate capability while maintaining battery-like large

storage capacities.

Figure 1-4. (a) Schematic of a battery containing a bicontinuous cathode. (b) SEM images of 3D
bicontinuous battery electrodes [24].



1.1.4 Biomedical Applications

Three-dimensional hollow nanostructures have found important applications in drug delivery
systems with the capability to load and release drugs with nanoscale-volume precision to
prevent overdose [25]-[28]. An interesting class of hollow nanostructures called nanocages
have attracted researchers due to their capability of achieving on-demand drug release either
by infrared illumination or heating [26], [27]. In Figure 1-5, the mechanism of thermal drug
release is depicted for nanocages with the help of phase change materials (PCM) as drug
loading medium. Drug molecules are naturally locked inside the nanocages below the melting
point of the PCM. Release occurs when the temperature is above the melting point through
molecular diffusion. Other than drug delivery applications, 3D nanostructures can also interact
with biological cells for the study of cell behaviors under different topologies. Now the so-
called “three-dimensional nano-biointerfaces” provide a novel platform to guide cell fate in a
controllable and accurate way, bringing a series of new phenomena and developments of cell-

related fundamental biological studies and advanced biomedical applications [29].
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Figure 1-5. (a) On-demand releasing mechanism of drug delivery using nanocages. (b-c) Nanocages
before and after drug loading, respectively [27].



1.2 Fabrication Techniques of 3D Nanostructures

The fabrication techniques for 3D nanostructures vary greatly depending on the complexity of
3D geometry, the process costs, and the materials to be processed. However, they can be
generally categorized into two types, namely, “top-down” and “bottom-up” techniques. The
“top-down” techniques are based on processes where structures are fabricated using energetic
electron, ion and photon beams, while the “bottom-up” techniques utilize autonomous self-
assembly of elementary building blocks. Examples of “top-down” techniques include electron
beam lithography, focused ion beam, interference lithography, two-photon polymerization, to
name a few. “Bottom-up” techniques mainly refer to the self-assemblies of colloidal particles,
DNAs, proteins and block copolymer. In recent years, there has been much interest in
fabrication techniques combining “top-down” and “bottom-up” techniques, and this will be the
main topic of this dissertation. In the following, I will give some representative examples on
the various 3D nanofabrication techniques, and strengths and weaknesses of different

techniques will be discussed.



1.2.1  “Top-Down” Techniques

Various “top-down” 3D lithography approaches have been used to enable 3D nanostructures
for the aforementioned applications and they are mostly based on optical lithography. Using
conventional 2D planar lithography and etching techniques, photonic crystals such as woodpile
structures can be achieved by a layer-by-layer approach [30], [31]. Arbitrary complex 3D
nanostructures can be achieved using focused ion beam (FIB) [32] and electron-beam
lithography [33]. One particular effective 3D patterning technique that has drawn significant
research interest is direct-write two-photon polymerization, which allows pattering of arbitrary
structures in 3D space [34]-[37]. However, since this is inherently a serial process where
focused light is scanned across the sample to expose individual voxels, the write time increases
significantly for large areas. This technique also requires elaborate system hardware including
ultrafast pulsed lasers, scanning optics, and feedback controls electronics. While the above
techniques are effective in creating complex structures, they can be costly and difficult to scale

up for manufacturing because of the serial processing nature.

One attractive technique for parallel 3D patterning is the multiple beam interference
lithography, as shown in Figure 1-6 [38]. It is well-known that interference from multiple non-
coplanar coherent beams arrangements can generate complex periodic 3D intensity patterns.
The 3D intensity pattern is highly periodic, defect-free, and has long-range coherence. The
geometry of 3D intensity patterns can be tuned freely by changing each beam’s polarization
state, incident angle, and intensity. It has been shown that all the 14 Bravais lattice can be

achieved by interference of four non-coplanar beams [39]. It is also possible to solve the
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inverse problem of beam configurations with given 3D geometries, and the method is described
in a book by Professor Edwin L. “Ned” Thomas, based on spatial Fourier transforms of the
target 3D geometry [40]. However, this technique relies on elaborate systems to finely tune
each beam’s properties, which is not a trivial task. Moreover, the fabrication area is limited to
the overlaid regions of the multiple beams, and large-area fabrications are hardly practical
since each beam needs to be expanded, resulting in significant nonuniformities of beam

intensity.

Figure 1-6. Multiple beam interference lithography [38].

A variant of the multiple beam interference lithography called the phase-shift lithography
is promising for large-area patterning of 3D nanostructures, but requires less hardware support.
The phase-shift lithography based on the Talbot effect [41], [42], where a two-dimensional
(2D) phase mask is illuminated to generate a periodic 3D intensity pattern, as shown in Figure
1-7. The 3D intensity pattern is generated by the near-field interference of various diffractive
orders of transmitted light through the phase mask, which is essentially a 2D grating. The

underlying photoresist can record the complex periodic 3D intensity pattern, and 3D
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nanostructures are revealed after development. The 3D photoresist nanostructures can latter
serve as template for replicating inverse structures with other materials. This technique requires
a single flood exposure, resulting in 3D lithography with high throughput and scalability, and
the resolution of this technique is in the order of the exposure wavelength. However, there has
been no direct design method for the phase masks to achieve specific types of 3D
nanostructures, and the fabrication of the phase masks sometimes has to adopt the serial
fabrication methods discussed before, although parallel processes such as interference

lithography can also be utilized.
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Figure 1-7. Phase-shift lithography process [42].
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1.2.2  “Bottom-Up” Techniques

Among the diverse emerging nanofabrication methods, colloidal particle self-assembly has
drawn wide attentions. Analogous to constructing architectures piece by piece using bricks in
the macroscopic world, microscopic colloidal particles can organize themselves into ordered
structures using local forces without human interventions. Although there is no direct user
control in the actual assembly process, environmental control can help achieve large-area
assemblies with different geometries. Three-dimensional opal structures in large areas can be
readily achieved using monodispersed colloidal micro/nanospheres when particle assembly are
conducted under confinement, as shown in Figure 1-8 [43]-[45]. The surfaces that the colloidal
particle suspensions interact with can be modified to be superhydrophobic to enable synthetic
jewelry-type colloidal assemblies [46]. The surface topology also plays an important role in
guiding self-assembly of particles to enable more diverse types of colloidal particle assemblies
[47]. The particle assemblies can later serve as sacrificial templates for material infiltrations.
Metallic porous structures have been fabricated by infiltrating metallic nanoparticles and
removing the polymer particle templates [48]. Silicon inverse opal structures were studied as
3D photonic waveguides with silicon infiltration into the particle templates [49]. Previous work
focuses more on the synthesis and assemblies of particles with spherical shapes, and the
assembled structure types are limited. There has been much interest recently in synthesizing
non-spherical particles and their assemblies [50]-[53]. A wide range of nanoparticle with
various shapes has been demonstrated [50]-[52]. However, these nonspherical particles are
usually not easy to be assembled into large-area homogeneous arrays, and the assemblies are

often polycrystalline with various co-existing packing orders [53].
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Figure 1-8. 3D nanostructures by colloidal particle self-assembly [45].

“Top-down” techniques often require complex hardware to manipulate high-energy beams,
such as electron, photon, and ion beams, to induce localized chemical reactions. Equipment
and material costs can be prohibitively high when thinking about the billions of dollars
investments in semiconductor industry to keep up with Moore’s law. The resolutions of these
techniques are widely believed to be constrained, and the physical limit is soon to be met. In
contrast, “bottom-up” techniques have the advantages of high throughput, due to the parallel
nature of the processes, and low cost, because of constructing using building blocks instead of
removing materials. The assembly processes can have molecular-scale resolutions because
nature utilizes the same process to build the organic world around us by the assemblies of
DNAs and proteins. Some even believe the future of human manufacturing should mimic the

natural self-assembly instead of the concurrent techniques by sculpturing materials. However,
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before that age to come, there are still a lot of questions to be answered regarding the physics
and mechanisms of natural self-assembly processes. Another major problem in colloidal self-
assembly is the formation of defects in colloidal assemblies, such as grain boundaries,
vacancies and dislocations. One example of 2D colloidal assembly will be given in Chapter 3
to illustrate the defects. The defect formation is an extremely complicated process, which is
often related to various factors such as colloidal particle size distribution, particle shape,
temperature, humidity, and surface chemistry. Typically, 2D assemblies have less defects and
larger grains than 3D assemblies due to the relatively simpler assembly process. Therefore, 2D
colloidal particle self-assembly techniques and their use in 3D nanolithography are

investigated in this dissertation.

1.2.3 Combining “Top-Down” and “Bottom-Up” Techniques

In combining “top-down” and “bottom-up” techniques, it is possible to combine their
advantages to develop novel fabrication methods. One early work in this area utilized colloidal
particle assemblies as deposition masks to fabricate regular subwavelength surface patterns
[54]-[56], as shown in Figure 1-9. Monodispersed colloidal particles are first assembled on
solid substrates, and materials deposited via electron beam evaporation can only go through
the interstitial sites of the colloidal particle assembly. After removing the colloidal particle
masks, regular inverse patterns on the solid substrate remain in hexagonal orders. Since then,
the so-called colloidal or nanosphere lithography have been investigated extensively, and
various versions of it have been demonstrated both in additive processes [48], [57] and

subtractive processes [51], [58], [59]. These techniques can yield high-quality nanostructures,
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such as hemispherical metal caps [57], nanopores [58], and sculptured colloids [51] with

relatively low costs.

A B

L * 0 5
|0 i

— 5000 nm —>]

Figure 1-9. Colloidal lithography using colloidal particle assemblies as deposition masks [54], [55].

In addition to physical deposition and etching of materials with colloidal assembly masks,
optical investigations on these self-assembled particle arrays were conducted in our lab’s
previous work for the fabrication of highly ordered 3D nanostructures [60]. The fabrication
principle is shown in Figure 1-10, where a 2D close-packed arrays of polystyrene particles are
assembled on a photoresist surface. Upon normal illumination of ultraviolet light through the
particle arrays, multiple diffraction orders can emerge and interfere in the near field to generate
complex 3D intensity patterns. The pattern is highly periodic to be recorded by the underlying
photoresist. After development, 3D porous nanostructures can be fabricated with a few

examples shown in Figure 1-10(b). The pattern formation mechanism is analogous to phase-
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shift lithography described in the previous sections, but in this case self-assembled nanospheres
are employed as integrated phase elements. The approach eliminates mask fabrication costs

and avoids close-contact issues often seen in conventional mask lithography techniques.
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Figure 1-10. Three-dimensional nanolithography using colloidal particle phase masks [60]. (a)
Fabrication principles. (b) SEM images of fabricated 3D nanostructures.
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Colloidal particle arrays are used in the above techniques, but one may ask what can happen
if only single particles are used in this technique. Light interaction with single particles is the
light scattering effect, and some work has been performed within the realm of 2D surface
patterning [61]-[63]. As shown in Figure 1-11, oblique incidence on colloidal particles can
generate complex ripple-like structures on 2D surface [63]. In another approach, highly
focused light by a single particle lens can be manipulated using optical trap to write arbitrary
patterns on solid surface [62]. However, existing work is limited to 2D surface patterning while
light scattering is essentially a three-dimensional effect. In this dissertation, the exploration of
novel 3D nanolithography techniques using light scattering from single particles will be

described in latter chapters.

Figure 1-11. 2D surface patterning using light scattering of single colloidal particles [63].
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1.3  Dissertation Structure

In this dissertation I will present my research on the fabrication and study of 3D nanostructures
in the following structure. In Chapter 2, a brief overview of light scattering theory by spherical
particles is given. The exact solution of scattering problems are derived according to the Mie
theory. The comparison between Mie and Rayleigh theories is discussed and provides the

theoretical foundation for the novel 3D nanolithography using light scattering principles.

In Chapter 3, more discussions on the mechanisms and various techniques of colloidal self-
assembly are provided. The review is not necessarily complete and thorough due to the highly
active research in this area, but basic self-assembly techniques, such as drop casting, assembly
by substrate withdrawal and air/water interfaces, are described in details, including custom-
built setups for these techniques during my doctoral research. Other types of assembly orders

such as binary assemblies and isolated single particles, are also achieved.

In Chapter 4, a novel 3D nanolithography using light scattering from single particles is
investigated both numerically and experimentally with emphasis on the normal incidence case.
The fabricated 3D hollow nanostructures dubbed “nano-volcanoes” can find potential
applications in drug delivery and nanomaterial storage. Initial tests were conducted in terms of
their loading capabilities. In the end of this chapter, a discussion of integrating plasmonic metal
particles for nanopatterning is given based on preliminary finite-difference time-domain
(FDTD) simulation studies. The case of oblique incidence to fabricate oblique ‘“nano-
volcanoes” is described in Chapter 5. The simple tilting of incidence opens up a variety of

possibilities of the fabricated 3D nanostructures by introducing more controllable lithography
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parameters, such as incident angle, polarization states, and arrangement of multiple

illuminations.

Chapter 6 describes a novel 3D nanostructured material with periodic order to precisely
tailor the refractive index using a combination of atom layer deposition (ALD) and 3D
nanolithography technique. In this work, I demonstrated near-unity index of 1.025, which is
the lowest thin-film index ever reported, and these ordered three-dimensional nanostructured
materials can be accurately designed. As opposed to randomly ordered materials, the periodic
nanolattice materials possess three key advantages of designable refractive index, enhanced
mechanical stiffness, and reduced scattering. I also demonstrated that by engineering the lattice
geometry and material composition, low-index materials with indices from 1.025 to 1.3 can be

accurately designed to completely fill the naturally-occurring refractive index gap.

In Chapter 7, an attempt to achieve tunable nanostructures is described with an emphasis on
the experimental realizations of these structures. The design is based on the incorporation of
magnetic materials with soft nanopillars for magnetic actuations, where magnetic gradient
induces magnetic forces to drive these nanopillars. Fabrication process of high-aspect ratio
magnetic PDMS nanopillars is explored. Moreover, the integration of these tunable
nanostructures with microelectromagnets is also developed. Preliminary tests show a modest
actuation of about 500 nm for the fabricated magnetic nanopillars integrated with

microelectromagents.

20



CHAPTER 2
LIGHT SCATTERING THEORY
The study of light scattering was driven by the curiosity of scientists such as Lord Rayleigh,
Gustav Mie, Ludvig Lorenz and so on, who would not take natural phenomena for granted
[64]. The particular phenomenon that caught their attentions is the colors of sky and clouds,
which show distinct contrast of blue and white on the sky. When developing this chapter, I
took a photograph of the sky during a sunny day to show the outstanding color contrast outside
Engineering Building III of North Carolina State University at Raleigh, North Carolina, as
shown in Figure 2-1. Lord Rayleigh proposed that the blue color of the sky is a result of light
scattering by the extremely small molecules in air. The scattered light intensity scales with the
inverse fourth power of the wavelength, leading to strong scattering for short wavelengths
which human eyes perceive as blue. The white color from the clouds, however, is due to the
light scattering by large particles, such as water droplets in the clouds, and can be described
accurately by Mie theory. It turns out that large particles scatter light relatively equally for

different wavelengths or colors so that the clouds exhibit white color.

Figure 2-1. Photograph taken during a sunny day at Raleigh, NC. The blue sky and the white clouds
are perfect presentations of the results of Rayleigh and Mie scatterings.
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Light scattering is a ubiquitous phenomenon and can happen whenever there is a
heterogeneity in a system from molecular to macroscopic scales. This chapter will be devoted
to the light scattering problem with a single sphere and will follow the treatments by Bohren
and Huffman [65]. The scattering mechanism can be understood as follows. As shown in
Figure 2-2, a single particle can be divided into multiple domains with oscillatory electric
dipoles induced by the incident electromagnetic waves. The accelerated charges in the dipoles
can radiate secondary electromagnetic wavelets in all directions, resulting in scattering. During
this process, the incident electromagnetic energy can also be absorbed and converted to other
energy forms such as thermal energy. The secondary radiations can have different phase
relations to each other depending on the locations of the dipoles in the particle, and they can
be superimposed to generate the scattered field in any particular direction at a distant point P.
If the particle is small enough compared to the wavelength, the secondary wavelets are
approximately in phase with each other. For such cases, there will not be large variations of
scattering with directions, which is the typical feature of Rayleigh scattering. If the particle
size increases, the secondary wavelets will be out of phase to cause constructive and destructive
interference effects with directions, forming distinct angular scattering patterns with peaks and
valleys. Such complex scattering patterns is in three dimensions and my work is to utilize them

for 3D nanostructure fabrications in latter chapters.
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Figure 2-2. Interpretation of scattering mechanism [65].

In this chapter, I will briefly introduce the derivations of the exact solutions of light
scattering by a single sphere proposed by Mie. Then Rayleigh scattering theory is derived from
approximations of the Mie theory, although this is not the original method adopted by Lord
Rayleigh. At last, the 3D intensity patterns in Rayleigh and Mie scattering regimes are

compared to discuss the possibilities of 3D nanolithography using single colloidal particles.
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2.1  Mie Theory
2.1.1 Field Solutions

The problem of light scattering by single spheres can be solved exactly using Maxwell’s
equations under the framework of classical electrodynamics. The four elegant equations are

listed below,

V-D=p
0B
VxE:—E
V-B=0
oD
VXH=]+—

Jt

where E is the electric field, B is the magnetic induction, J is the current density, and p is the
free charge. The electric displacement D and magnetic field H are defined by the following

relations,

D=€0E+P
B = po(H + M)

where P and M are the electric polarization and magnetization of the material, and o and uo

are the permittivity and permeability of vacuum.

The constituent relations are supplemental to solving Maxwell’s equations,

J =0E
B =uH
P =¢,xE
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where o is the electric conductivity, u is the permeability, and y is the electric susceptibility.

Here the material is assumed to be linear, homogeneous and isotropic.

For light scattering by single particles, the free charge and current density are assumed to
be zeros for most of the cases. The problem to solve is illustrated in Figure 2-3. A sphere with
radius a and complex refractive index N; is situated in an otherwise homogeneous medium
with complex refractive index N. The sphere is illuminated by an infinitely wide x-polarized
light with wavelength 4 and electromagnetic fields of (E:, H:) propagating in the z direction.
The incidence is scattered to all directions with scattered fields, (Es, Hs), to be solved. The
internal fields are denoted as (Ei, Hi). Maxwell’s equations are solved in spherical coordinates,

(7, 8, ), due to the symmetry of the problem.

Scattered
{ Ee Hy)

Incidence

( i, Ii)

Figure 2-3. Light scattering problem diagram.
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In general, the sphere can be illuminated by electromagnetic waves with arbitrary
wavelengths and amplitudes. However, only the solutions under the incidence of time
harmonic fields are needed since any illumination can be regarded as the Fourier series
expansion of the time harmonic fields. Due to the linearity of Maxwell’s equations, the
solutions to arbitrary incidence can be the superpositions of the solutions under Fourier

components.

The time harmonic fields need to satisfy the Helmholtz equations derived from the

Maxwell’s equations,

V2E + k*E = 0, VZH + k?H =0
E = Eyexpli(k-r — wt], H = Hyexp[i(k 1 — wt]

where k = |k| = 2n/A = w(eu). In addition, the electric and magnetic fields are related by,
VXE = iwuH, VX H = —iweE.

The boundary conditions on the surface of the sphere state that the tangential components

of electric and magnetic fields are continuous,

where 7 is the surface normal of the sphere or the unit vector of r.

It is extremely complicated to solve the above vector equations directly for electric and

magnetic fields in spherical coordinates. A pair of vector functions are introduced to simplify
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the above vector differential equations to scalar differential equations, which are easier to solve.

The vector functions are constructed as below,

M=Vx @)
v VXM
Tk

The vector functions M and NV satisfy the above Helmholtz equations except for M,
VZM + k?M =V X [r(V?Y + k).

Therefore, M satisfies the wave equations as long as the following scalar differential equation

1s solved,
V2 + k?y = 0.

The solutions to the above scalar differential equation is achieved by separation of variables

for decomposition into orthogonal modes and are listed below,

Womn = cosme P (cos )z, (kr) (even mode)

Womn = sinme B*(cos 8)z,(kr) (odd mode)

where z, is any of the following four spherical Bessel functions,

oy = [ _ [
In (kT‘) - ZkT']""'% (kT) Yn (kT) - 2k Yn+%(kr)
WS (kr) = j (er) + iy (k) WP (kr) = j, (kr) — iy, (kr)

where J and Y are the Bessel function of the first and second kind, respectively, and /% is the
spherical Bessel function of the third kind. m and n are integer mode numbers while e and o

denote even and odd modes.
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Having solved the scalar y, now we can achieve the vector functions,

M,pp =V X (rlpemn) Mymn =V X (rl/)omn)
_VXMemn N _VXMomn
emn — k omn = k

which are called the vector spherical harmonics to form a complete orthogonal set of basis for

field expansions.

Using the spherical vector harmonics, the incident plane wave can be expanded as,

1 1
By = ) B (M, — NG

k 1 1
Hi En(Mgl)n + lNgl)n)

wul

n 2n+1

where E,, = E,i oy

and the superscript (1) in M and N means j» is used for spherical vector

harmonics.

Both the unknown internal fields, (Ei, Hi), and the scattered fields, (Es, Hs), can be expanded

in similar forms,
1 1
E, = Z En(CnMg1)n id N(l)n)
0 : ®
= Z En(du,M®), + ic,NY)

3 3
E; = Z En(ia,N Ezl)n —b Mc()l)n

n=1

28



ke,
Hy=— E,(ibyNS, + M%),
e n=1

where the superscript (3) means M and NV are expressed in terms of h;l).

By matching the boundary conditions on the sphere surface and using the orthogonality of
spherical vector harmonics, the coefficients an, bn, cn and dn can be derived. Therefore, the
internal and scattered fields can be achieved in explicit forms. The coefficients are expressed

as follows,

pm?ji () 2 (0] = pryfin () [mafin (mx)]’
2 ma)|xhL ()] = P o) [macj (mx)]

.uljn(mx) [xjn(x)], - Aujn(x) [mxjn (mx)]’

n:

b, = 7
tja(m)|xhSD ()] = uh (o) [ma, (mao))
n@[xhL 0] = L ) b GO
Ch =

 nm)[xhP ()] = uh (o) by (m)

[P @] — wmh @) i )

" m)[eh )| = i @m0

with size parameter x, and refractive index contrast m defined as,

. _2nNa Ny
x=ka=——, N

The above scattering coefficients can be used to achieve the exact solutions of the scattered
fields when plane wave is incident on a spherical object in a linear homogeneous isotropic

medium. The scattering intensity at any position can thus be achieved by calculating the
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Poynting vectors. However, Mie theory is only limited to the problem with spherical particles
and cannot be used to solve scattering problems involving irregular particles. In addition, it is
often encountered that light is scattered by particles situating on an interface of two media in
practical experiments. In this case, Mie theory fails to describe scattering accurately and
approximations have to be made. In addition to Mie theory, a facile approach to solve scattering
problem is by numerical simulations such as finite difference time domain (FDTD) methods,

by which scattering problems with arbitrary conditions can be solved.
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2.1.2 Cross Sections and Efficiencies

Cross sections and efficiencies are quantitative parameters to describe scattering processes.
There are scattering, absorption and extinction cross sections, which are defined as the ratios
of the respective energy flow rate through a closed surface incorporating the entire sphere and

the incident intensity,

lla ”S llext
a Il S Il ext Il

with unit of areas. The scattering, absorption and extinction efficiencies are defined as the
ratios of the above cross sections and the geometrical area of the 2D projection of the sphere,
which are expressed as follows,

C C C
Qs = - Qs = . Qext = e_xt.

ma?

The cross sections are related as follows,

Coxt = Cq + Cs
Qext = Qg + Qs.

With the coefficients an, bn, cn and dn, the cross sections can be expressed by the following

equations,

21 ) )
€ =7 ) 2+ D(lal” + by 1)
n=1

2 =
Coxt = EZ(Zn + 1)Re{a, + b,}.
n=1
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There is an interesting result based on the above definition of efficiencies: scattering
efficiency can be over 100% at certain illumination wavelengths; in other words, a particle can
absorb more than the light incident on it. Bohren wrote an interesting paper about the origin of
this counterintuitive absorption behavior [66]. He stated that the large absorption can happen
with metallic particles at ultraviolet frequencies and insulating particles at infrared frequencies.
In the former case, the excitation of surface plasmons is responsible while in the latter case,
the excitation of surface phonons is the cause. To aid the understanding, field lines of the total
Poynting vector excluding the scattered light are illustrated for a small aluminum sphere under
8.8 eV illumination in Figure 2-4. Due to the excitation of the surface plasmons, the
electromagnetic fields get distorted dramatically around the sphere. As a result, more incident
light within the area specified by the dashed line is being directed and concentrated to the
aluminum sphere, which will lead to more absorption than the light incident on the geometrical

arca.

Figure 2-4. Field lines of total Poynting vector excluding scattered light near a small Al sphere [66].
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2.2 Rayleigh Theory

The previous section is devoted to the exact solution of light scattering problems for any sizes
of spheres. The calculations of the scattered fields and cross sections can be formidable due to
the complexity of the spherical Bessel functions. Moreover, the complex functions fail to
reveal some intuitive insights of the light scattering behaviors under various conditions.
Therefore, it is necessary to make reasonable approximations of the exact Mie theory in order
to study the light scattering behaviors with different parameters such as particle sizes,

scattering directions, wavelengths, refractive indices, as so on.

For particles much smaller than the wavelength (a << 1), it is possible to drop out the higher
order terms of the power series expansions of the various spherical Bessel functions. For details,
interested readers can refer to the books by Bohren and Kerker, where the original simple
derivation by Lord Rayleigh is also described [64], [65]. Here I will directly go to the final

expression for the scattering intensity under unpolarized illuminations as follows,

2

m?—1
(1 + cos?6)I,.

m2 + 2

8m*a®

ST )42

The effects of various parameters on the scattering intensity can be clearly observed. For
example, the scattered intensity is proportional to the inverse fourth power of the wavelength,

which leads to the blue color of the sky.
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2.3  Light Scattering Intensity Distributions

As pointed out in the beginning of this chapter, the scattered field can be regarded as the
superposition of the secondary radiations from the subdomains in the sphere. If the sphere is
small compared to wavelength, the secondary radiations are approximately in phase and no
large variations of the scattered fields are expected with directions. In Figure 2-5(a), a
logarithmic plot of the total intensity pattern in the forward direction is shown for a 10 nm
radius dielectric sphere under 325 nm wavelength illumination using Mie theory. It can be
noted that the intensity distribution is uniform in every direction and no complex 3D intensity
pattern can be generated in this scattering regime. This is the result of Rayleigh scattering. For
a 250 nm radius sphere under 325 nm wavelength illumination, the logarithmic plot shows
quite large intensity variations with all directions in Figure 2-5(b) using Mie theory. Various
intensity lobes can be observed, forming a very complex 3D intensity distribution. Such
distribution is typical for light scattering with particle sizes comparable to the wavelength. My
dissertation topic is to harness the complex 3D intensity pattern from the light scattering effect

to fabricate 3D nanostructures.
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Figure 2-5. (a) Rayleigh intensity pattern for single particle with 10 nm radius and 325 nm
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wavelength. (b) Mie scattering intensity pattern for 250 nm radius particle and 325 nm wavelength.

Only forward total intensity distributions are calculated in air. Particles are not drawn in scale.

35



2.4  Summary

This chapter has been devoted to the theories of light scattering. Brief derivations of Mie and
Rayleigh scattering theories are introduced. Key differences in light intensity patterns are
discussed between Mie and Rayleigh scattering regimes for 3D nanolithography. These
analytical tools allow the design of particle-light interactions to control near-field intensity
distribution. To generate complex 3D intensity patterns suitable for 3D nanolithography, the
particle size has to be comparable to the wavelength whereas light scattering in the Rayleigh

regime lacks large 3D variations.
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CHAPTER 3
COLLOIDAL PARTICLE SELF-ASSEMBLY TECHNIQUES
Self-assembly is a ‘bottom-up’ fabrication method, which is essentially an autonomous,
spontaneous, parallel process and is promising for large-area fabrication of functional
nanostructures. This technique draws inspirations from natural processes, such as the folding
of polypeptide chains into proteins, which represents a smarter building strategy in nature than
many human approaches of building by piece or by sculpturing. There is active research for
the self-assemblies of molecules, such as self-assembled monolayers (SAM), DNA, nano-scale
and even larger objects, such as colloidal particles. The interactions governing the self-
assembly processes vary at different scales from intermolecular interaction forces to capillary
forces. In this chapter, I will mainly focus on the self-assembly of colloidal particles for 3D
nanostructure fabrication, which is governed by capillary actions, besides a brief introduction
on molecular self-assembly. I will explain the basic mechanism of colloidal self-assembly and
introduce some representative self-assembly techniques to achieve ordered colloidal crystals
or disordered isolated colloidal assemblies. This chapter is not intended as a thorough review
of the vast variety of self-assembly techniques, but as a reference for the techniques I have
tried during my PhD work. These techniques are modified from literature and documented here

for reference in future projects.
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3.1  Molecular Self-Assembly

“Bottom-up” self-assemblies of molecules can provide resolutions that conventional “top-
down” techniques could not achieve. There is much research effort in the techniques for
assembling molecular scale objects, such as DNA and block copolymers. The DNA molecule
has appealing features for use in nanofabrication because of its minuscule size with diameter
of about 2 nanometers. In addition, the particularly powerful molecular recognition capability
of the DNA molecules can be used to direct the assembly of highly complex nanostructures.
2D and 3D nanostructures with complex geometries and high resolutions have been
demonstrated using branched DNA, DNA origami, and DNA bricks [67]-[70]. However,

challenges still remain in the large-area fabrication of homogeneous assemblies of DNA.

Block copolymers constitute another class of well-known self-assembly building blocks.
Chemically distinct blocks in block copolymers can form a variety of morphologies, such as
lamellar, double gyroid, cylindrical and spherical assemblies, due to the effect of microphase
separation. The morphology types depend on the polymer chemistry and molecular weight.
The assembled morphologies can serve as high-resolution nanopatterning masks for various
materials or be directly used for nanophotonics applications [71], [72]. Under usual conditions,
block copolymers tend to assemble into polycrystalline morphologies lacking long-range order.
To overcome this disadvantage, self-assembly of block copolymers was conducted on
patterned substrates, where geometrical confinements introduce long-range orders and allow

hierarchical block copolymer structures [73], [74].
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3.2  Mechanism of Colloidal Particle Self-Assembly

Colloidal particle self-assembly is not an unfamiliar phenomenon in daily life, and the most
famous example is the formation of coffee rings [75]. It was found that the capillary flow is
responsible for the formation of the ring-like coffee particle assembly instead of a uniform
stain. A detailed investigation of the 2D colloidal particle crystallization was conducted by
monitoring and control of the self-assembly process using a microscopic observation cell under
different conditions, such as particle size, particle concentration, the presence of electrolytes
and surfactants [76], [77]. It was concluded that the self-assembly process shows a two-stage
mechanism: (1) nucleus formation by long-range capillary attraction forces and (2) crystal
growth governed by a convective flow to transport particles towards the nucleus, as depicted
in Figure 3-1. Self-assembly starts when the water layer becomes approximately equal to the
particle diameter in some regions because of water evaporation. As a result, capillary attraction
forces emerge and ‘pull’ the neighboring particles together due to the menisci formed in
between them, and a particle cluster in close-packed order is pinned on the substrate to serve
as a nucleus. Because of the water evaporation in the nucleus region, water influxes from outer
regions tend to compensate the water loss and bring along extra particles for further growth of
the colloidal crystals. For high-quality assemblies, the colloidal suspensions need to be stable
and monodispersed with narrow size distributions to prevent from defect formations due to
size differences. The evaporation rate should be controlled to ensure continuous monolayer
assemblies because faster evaporation causes empty spaces and slower evaporation induces
multiple layers. The evaporation rate can be controlled in terms of humidity, solvent type, air

flow rate and temperature.
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Figure 3-1. Mechanism of colloidal particle self-assembly [77].

3.3  Ordered Particle Self-Assembly Techniques

Ordered particle assemblies can find many applications such as in photonic crystals [78], [79],
and colloidal lithography for pattern transfer [54], [55]. Techniques to assemble ordered
particle arrays are introduced in this subsection, including basic technique, such as drop casting,
and advanced techniques, such as convective assembly by substrate withdrawal, self-assembly

on air/water interface, and binary colloidal self-assembly.

3.3.1 Colloidal Self-Assembly by Drop Casting

Drop coasting is perhaps the easiest way of assembling colloidal particles without any
complicated systems to control assembly conditions. The particle self-assembly can be
conducted by simply putting a droplet of monodispersed colloidal solution on a hydrophilic
substrate. The colloidal droplet dries by itself under normal room conditions to eventually form
a ‘stain’, similar to the coffee rings, with free isolated particles, monolayers of close-packed
particles, and multilayers. This technique does not require any complex equipment and can be

performed in any place without the need of precise environmental controls at the expense of
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assembly quality. In the assembly areas, monolayers are usually small, and large numbers of
defects and multiple layers are present. This technique is useful when quick and small-scale

demonstrations are required.

An example by drop casting of 750 nm diameter polystyrene nanospheres (Polysciences,
Inc. 2.5% aqueous solution) on a clean silicon substrate is shown in Figure 3-2. The photograph
in Figure 3-2(a) shows the nanosphere assembly on a silicon substrate. Note that the silicon
substrate has a 1-2 nm thick of native SiO2 to serve as a hydrophilic surface to ensure the
spreading of the aqueous solution. The nanoparticles formed a clear coffee ring-like packing
after complete evaporation of water. The white boundary is the result of the convective flow
to the droplet edges and the majority of the nanoparticles are assembled into many,
unorganized layers near the boundary. The iridescent colors from various inner regions are
indications of ordered particle assemblies due to diffraction. A high-magnification image was
taken under optical microscope in the iridescent region, as shown in Figure 3-2(b). The distinct
colors of pink, green and yellow are due to the thin-film interference by different layer
thicknesses, which indicate the formation of ordered monolayers and multilayers of colloidal
crystals. From experimental comparisons between optical microscopic images and scanning
electron micrographs, the pink regions are monolayers of 750 nm diameter nanospheres while
the green regions are bilayers and other colors indicate three or more layers. Another way to
tell the monolayer color is by locating the empty spaces in Figure 3-2(b) and the empty spaces
are usually formed in the monolayer regions from experimental experience. Note that the
colors for monolayers, bilayers and multilayers can change significantly for different

nanosphere sizes due to thin-film interference effect.
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An even closer observation of the monolayers is shown in Figure 3-2(c), where
representative grains and defects are labelled. It can be observed that the monolayers of
nanoparticles are arranged in a hexagonal close-packed order, which is the minimum energy
configuration. The assembly is polycrystalline with grain sizes in tens of micrometers and the
grain boundaries are identified with orange lines. Defects are often present with nanoparticles
assemblies, such as dislocations and point defects, due to the possible reasons of particle size
distributions for monodispersed colloidal solutions, surface chemistry variations of substrates

and lack of environmental parameter control.

Monolayers of particle assemblies are often useful as pattern transfer masks in additive and
subtractive processes, and large-area monolayers are often desired. As observed in Figure 3-
2(b), drop casting can only generate a few millimeters of ordered particle monolayers and most
particles pack into multiple layers near the boundary, resulting in insufficient particles for
monolayer formation and leaving behind empty regions. Therefore, drop casting is not an
efficient method for assembling large-area high-quality monolayers of particle arrays. In the
following subsections, I will describe techniques for the formation of large-area particle
monolayers for lithography to fabricate 3D nanostructures. These methods hold some promises
in assembling large-area low-defect colloidal crystals once process environment control and

automation can be realized.
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Figure 3-2. Assembly of 750 nm diameter polystyrene nanospheres by drop casting on silicon
substrate. (a) Photograph showing the assembled nanospheres. (b) Microscopic image of the
assembled nanospheres with 50x magnification. (¢) Microscopic image with 1000x magnification of
the assembled nanospheres showing grains and defects.
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3.3.2  Colloidal Self-Assembly by Substrate Withdrawal

In drop casting, there is no environmental control during the self-assembly process and only
limited areas of monolayers of 2D ordered colloidal crystals can be formed with simultaneous
formations of multilayers. To scale up the fabrication of 2D uniform colloidal assemblies for
useful applications, a substrate withdrawal technique was introduced by dragging a hydrophilic
substrate vertically away from a colloidal suspension [80]. The mechanism of 2D colloidal
crystal growth by substrate withdrawal is depicted in Figure 3-3, where the assembly consists
of two stages, that is, the convective transfer of particles from bulk suspension layer and the
assembly by capillary attraction in the drying region. For steady-state assembly, the following

equation was proposed to describe the crystal growth [80],

o — Bjely
‘T h(l-e)(1-9)

where v is the colloidal crystal growth velocity, ¢ is the layer porosity, 4 is the height of the
assembled layer, ¢ is the volume fraction of the particle suspension, f is a coefficient that
relates the solvent evaporation rate to the particle velocity (0 < <1), and j. is the evaporation
rate of pure water. From this equation, three major parameters can affect the colloidal crystal
growth: (1) the substrate withdrawal velocity, vw, (2) the particle volume fraction, ¢, and (3)
the solvent evaporation rate, j.. For a steady crystal growth, the substrate withdrawal speed has
to be approximately equal to the colloidal crystal growth rate, ve = vi. If the withdrawal velocity
is larger than the crystal growth rate, the convective flow is not fast enough to compensate the
required number of particles to sustain a continuous film growth, resulting in a discontinuous

colloidal crystal film. If the withdrawal velocity is smaller than the crystal growth rate, the
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convective flow can bring in excess particles to form thicker colloidal crystals with multilayers.

Therefore, the substrate withdrawal speed has to match the colloidal crystal growth rate in

order to achieve continuous uniform 2D colloidal crystal films. For higher particle

concentrations, the colloidal film growth is faster. It was suggested that the humidity does not

need to be controlled precisely to produce uniform coatings [81]. Therefore, the substrate

withdrawal speed and the particle concentration play more important roles in the self-assembly

process.
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Figure 3-3. Convective assembly mechanism by vertical substrate withdrawal from colloidal

suspension [80].
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Direct substrate withdrawal from a bulk particle suspension can be inefficient in terms of
time and material expense. Modified versions of the substrate withdrawal techniques, known
as convective assembly, were introduced by confining a small volume of particle suspension
in the gap between a substrate and a deposition plate [81], [82]. The deposition time and
material expense are significantly reduced by higher suspension concentration and lower
volume of the particle suspension. As shown in Figure 3-4, the deposition plate can be either
angled or parallel to the substrate. These systems have been automated by digitally controlled
motors for accurate speed control and have the potential to scale up for large-area assembly of

colloidal crystals.
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Figure 3-4. Convective assembly techniques confine colloidal suspensions in (a) a wedge geometry
[81] and (b) a parallel-plate geometry [82].

During my doctoral studies, a manually controlled particle assembly setup was built based
on the mechanism described in Figure 3-4(b) to assemble particles in relatively larger areas
than the drop casting method for proof-of-concept 3D nanostructure fabrications. The detailed

setup is shown in Figure 3-5(a). A translation stage was used to move the substrate in one
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direction. A glass slide was cleaned first by acetone, isopropanol and deionized water rinsing
and then by oxygen plasma treatment to render hydrophilic surface. The glass slide was put on
the stationary part of the translation stage by spacers and double-side tapes to leave a ~500 pm
gap to the substrate, which was attached to the moving part of the translation stage. A small
amount of colloidal particle suspension was injected in the gap. The capillary forces could hold
the liquid inside the gap and limit the evaporation area only to the horizontal boundaries of the
droplet for better control on the evaporation, in contrast to the full surface evaporation in drop
casting. The small gap and the reduced evaporation area can ensure the formation of large-area
continuous colloidal crystal films. The setup in Figure 3-5(a) can be easily integrated into an
optical microscope to monitor the film growth as a feedback to manually adjust the substrate
moving speed. The iridescent area in Figure 3-5(b) indicates the formation of regular colloidal
crystal films. The optical image of the assembly area is shown in Figure 3-5(c). The liquid
contact line is labelled by the white dashed line, where new colloidal crystal films start to grow.
The effects of the substrate velocity can be observed by the three regions, where discontinuous
monolayers, multilayers and continuous large-area monolayers of 750 nm diameter particle

assemblies were formed.
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Figure 3-5. (a) Custom-built setup for self-assembly using substrate withdrawal. (b) Colloidal crystal
films after self-assembly. (c) Optical microscope image of the colloidal crystal film using different
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3.3.3 Colloidal Self-Assembly on Air/Water Interfaces

The techniques introduced so far are direct coating techniques for self-assembled colloidal
monolayers on solid substrates. Additionally, there are indirect coating techniques which are
based on the particle self-assembly on liquid/liquid or air/liquid interfaces and the subsequent
transfer of the assembled layers to different substrates [83], [84]. This technique can also
ensure the formation of large-area high-quality colloidal monolayers under proper conditions.
It has been used for large-area demonstrations for high-quality, low-scattering optical films
with near-unity refractive index and robust mechanical stability [85], as described in Chapter
6. This process is relatively simple, and does not require complex hardware and control
systems. However, only hydrophilic surfaces can be coated with particle assemblies in this
process because the assemblies happen on water surface and the substrate has to be hydrophilic
to pick up any particle assemblies. Moreover, I have found that particles smaller than 350 nm
diameter are difficult to form high-quality close-packed assemblies, and the reason might lie

in the fact that more complex molecular interactions become pronounced for smaller particles.

The self-assembly procedures are shown in Figure 3-6. Colloidal particles are firstly
spincoated on a hydrophilic silicon substrate to achieve isolated randomly-ordered assemblies
on the whole surface. The coated silicon surface is then slowly immersed into water at a certain
angle and the coated particles detach from the silicon surface to float on the air/water interface
as a result of the interfacial surface tensions. The floating particles are not initially in ordered
monolayers. The addition of surfactant such as 2% sodium dodecyl sulfate (SDS) can reduce

the surface tension outside the particle accumulation area and the particles are forced to form
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close-packed monolayers. These monolayers can be picked up by either solid or soft substrates.
Drying is needed after the transfer and at moderate evaporation speed, the monolayer order can
remain unchanged. If fast evaporation takes place by heating or vacuum, film cracks can be
observed and result in assembly defects. The experimental steps are also recorded in Figure 3-
7(a)-(c) and the colloidal monolayers from 750 nm diameter polystyrene spheres are shown in
Figure 3-7(d), where large grains were achieved and defects were still present. To achieve
large-area low-defect colloidal monolayers, the self-assembly conditions have to be carefully
controlled, such as the particle distributions on the spincoated substrate, PH value of the liquid

phase, and the amount of the surfactant.
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Figure 3-6. Diagram of colloidal self-assembly on air/water interface and colloidal monolayer transfer
on substrates [83].
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Figure 3-7. Self-assembly experiments using 750 nm diameter polystyrene nanospheres. (a) Immerse
wafer with spincoated isolated nanospheres into water. (b) Add SDS to assemble nanospheres into
ordered monolayers floating on the air/water interface. (c) Transfer the floating colloidal monolayers
to a hydrophilic silicon substrate. (d) Optical microscope image of the assembled colloidal
monolayer.
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3.3.4 Binary Colloidal Crystals

Colloidal crystals are not necessarily composed of only one size of particles and binary
colloidal crystals could also enable novel applications in nanophotonics and near-field
nanolithography due to the enriched colloidal particle packing orders other than the hexagonal
close-packed order for single particle sizes. Layer-by-layer growth of binary colloidal crystals
has been proposed [86]. In Figure 3-8(a), particles with 500 nm and 220 nm diameters were
used to form binary colloidal crystals. Firstly, a close-packed monolayer of 500 nm diameter
particles was assembled on a silicon substrate using the aforementioned air/water interface
self-assembly method. After drying, the monolayer was then subjected to oxygen plasma
treatment for 10 seconds to render hydrophilicity of the particle surface. As a final step, the
220 nm diameter particles were spincoated on the monolayer of 500 nm diameter particles.
Assemblies of large (L) and small (S) particles with stoichiometry LS and LS3 were achieved,
as shown in Figure 3-8(a). For the binary crystals with 500 nm and 100 nm nanospheres, only
LS3 binary crystals were observed possibly due to the large particle size ratio, as shown in
Figure 3-8(b). Other types of binary colloidal crystals are possible by varying the size ratios of
the particles. Large-area binary colloidal crystals with stable stoichiometry is challenging and
could be possibly achieved by the substrate withdrawal self-assembly technique described in

Section 3.3.2 with accurate controls on the environmental parameters.
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500 nm ; 100 nm

Figure 3-8. (a) Binary colloidal crystals from polystyrene nanospheres with (a) 500 nm and 220 nm
diameters, and (b) 500 nm and 100 nm diameters. LS, and LS; crystal packings are observed.

3.3.5 Templated-Directed Self-Assembly

Surface topology can play a significant role in guiding colloidal particle self-assembly, and
various types of colloidal assemblies other than close-packed order have been achieved [47].
The same setup described in Section 3.3.2 can also be used to assemble colloidal particles with
substrate template guiding. One example is shown in Figure 3-9, where 500 nm diameter
polystyrene particles were assembled in the recessed regions of a positive photoresist substrate.
Note that the substrate withdrawal direction was parallel to the micro-scale surface grating
lines while withdrawal perpendicular to the grating lines was often used in literature [82]. The
resultant colloidal assemblies were utilized in the fabrication of 3D hierarchical porous

structures with the same micro-scale order as the template [87].
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Figure 3-9. Template-directed self-assembly by substrate withdrawal. Polystyrene particles with 500
nm diameters are assembled on a positive photoresist substrate with micro-scale surface relief
topology [87].

3.4 Isolated Particle Assemblies with Random Order

Most photonic applications require the formation of ordered colloidal crystals and some of the
self-assembly techniques have been introduced in the previous sections. In the latter part of
this dissertation, randomly ordered isolated particle assemblies are necessary for proof-of-
concept demonstrations of 3D nanostructure fabrication using single particle light scattering
(Chapter 4 and 5). Spincoating has been used to separate particles from each other to form
isolated particles. For aqueous colloidal suspensions, it is well known that the substrate has to
be hydrophilic for full coverage of particle assemblies during spincoating. However, for the
3D nanolithography techniques developed in my PhD work, the nanospheres have to be
assembled directly on the hydrophobic photoresist surfaces to enable near-field patterning of
3D nanostructures. One approach is to deposit a thin layer of spin-on oxide, which does not
affect the optical properties. I also determined found that the photoresist surface could be

modified to be hydrophilic by a brief period of oxygen plasma treatment. The spincoating of
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nanospheres was tested on the treated photoresist surface and networks of close-packed
colloidal monolayers were often achieved instead of isolated particle assemblies. It was
discovered accidentally during other experiments that isolated particle assemblies could be
achieved by a much simpler method. Firstly, the untreated photoresist sample undergoes
sequential brief rinses into a developer solution (Microposit MF CD-26 Developer) and a
deionized water solution. A residual water layer is formed after the rinses and wets the whole
hydrophobic photoresist surface. This water layer is important to remain on the surface to
facilitate the spreading of colloidal particle suspensions. The isolated particle assemblies are
formed after dispensing a trace amount of colloidal suspension onto the water-wetted
photoresist surface and spincoating at a moderate speed between 1000 rpm and 2000 rpm. The
results of the isolated 750 nm diameter particle assemblies are shown in Figure 3-10 using this
method. No color from diffraction can be observed due to the random order of particle
assemblies, as shown in Figure 3-10(a). An optical microscope image in dark field was taken
to show the random order of isolated particles in Figure 3-10(b). Single particles are mostly
present on the sample surface while occasional double and multiple particle clusters are also
observed. Such isolated particle assemblies on photoresist surfaces are then used to fabricate
3D ‘nano-volcano’ structures using single particle light scattering, which will be described in

more details in Chapter 4 and 5.
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Figure 3-10. Uniform isolated 750 nm diameter polystyrene nanoparticle assemblies with random
order on a hydrophobic photoresist surface. (a) Optical image of the coated sample. (b) Dark field
optical microscope image of the colloidal particle assemblies.

3.5 Summary

In this chapter, I summarized different self-assembly techniques for ordered and disordered
colloidal crystals. This chapter is not intended as a thorough review of the highly active
research area of colloidal self-assembly, but as a documented reference of the colloidal
assembly techniques I have tried and developed during my doctoral research. This document
could be useful for future students in the lab and I hope they could start working with colloidal
particle assemblies quickly enough after referring to this document. The self-assembly
mechanism was firstly reviewed. Several techniques were introduced in developing large-area
high-quality 2D or 3D colloidal crystals. In drop casting of colloidal suspensions, no
environmental controls are usually implemented, resulting in monolayers and multiple layers
of colloidal crystal in small areas. For large-area monolayers of colloidal crystals, different
versions of substrate withdrawal techniques are introduced. The substrate velocity has to match

the colloidal crystal growth rate for continuous growth of uniform colloidal crystals. In another
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indirect self-assembly method, colloidal particles are assembled firstly on an air/water
interface and then the assembled monolayers are transferred to arbitrary substrates. Using the
combination of air/water interface method and spincoating, binary colloidal crystals can be
achieved with different particle size ratios and crystal types. For certain applications, isolated
particle assemblies are needed. A spincoating method for coating colloidal particles on
hydrophobic photoresist surfaces was developed by simple rinsing of the photoresist surface
with developer solution. The colloidal particles are assembled in sparse packings as a result of
spincoating and they are useful for studies of novel 3D nanostructure fabrication in the latter

chapters.
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CHAPTER 4
THREE-DIMENSIONAL NANOLITHOGRAPHY USING COLLOIDAL

PARTICLES — NORMAL INCIDENCE

In this chapter, I will describe a novel three-dimensional nanolithography technique using light
scattering from nanoparticles, resulting in complex hollow-shell ‘nano-volcano’ structures. In
the proposed method, isolated particle focuses and scatters normal-incident light into multiple
intensity lobes, which is governed by the scattering characteristics. The intensity pattern can
then be recorded by underlying photosensitive materials, resulting in 3D hollow shell-like
structures. Mie scattering regime is investigated for a spherical particle, where the particle
diameter, D, is comparable to wavelength, A. In this regime, the angular-variant scattering
profile can result in complex 3D intensity patterns. No masks are needed in this approach, and
the colloidal elements are assembled directly on the photoresist. While in this study I focus on
dielectric nanospheres, other colloids with nonspherical geometries can be incorporated into
this technique. Metallic nanoparticles can also be utilized to enable localized plasmonic
interactions for subwavelength patterning and preliminary simulation results will be reported
later in this chapter. The proposed method can also be utilized for 3D visualization of nearfield
enhancement of plasmonic nanostructures [88]. Particle light scattering is a well-known
phenomenon and historically has been used to determine particle size distribution in colloidal
solutions [89] and to study aerosols in the atmosphere [90], but in this work, it is employed for

3D lithography.

58



4.1 Fabrication Concept

The proposed fabrication method is illustrated in Figure 4-1, where a single nanosphere scatters
normal-incident ultraviolet (UV) light into one main and multiple side lobes to form a complex
3D intensity distribution. The scattering field is calculated using finite-difference time-domain
(FDTD) method [91]. An underlying photoresist layer is used to record this intensity pattern,
as shown in Figure 4-1(b). When a positive-tone photoresist is used, a hollow shell-like 3D
“nano-volcano” can be obtained, as illustrated in Figure 4-1(c). These structures are hollow,
and the only opening is located on the top. The slanted shell is defined by the minima of the
side lobes, and its angle, #, and thickness, ¢, can be controlled. The key parameter in this
process is the ratio of the particle diameter to the exposure wavelength, y = D/A, which
determines the scattering regime. The diameter of the particle used here is selected to be
comparable to the exposure wavelength so the light scattering would be in the Mie scattering
regime (y ~ 1), resulting in alternating bright and dark side lobes that define the nanostructure
shells. Outside of this regime, the scattered light will either result in uniform angular
distribution, as observed in the Rayleigh scattering (y << 1), or in mostly focusing, as shown
in the solution of geometrical optics (y >> 1). By varying and controlling y in the Mie scattering
regime, the patterned 3D nanostructures can be designed. There has been exciting work
utilizing nearfield light focusing from individual colloidal particles for nanolithography [62],
[63], but they have been limited to 2D patterns as discussed in Chapter 1. This work explores

the use of colloidal light scattering to fabricate 3D geometries.
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Figure 4-1. Fabrication process of the hollow 3D nanostructures using light scattering from a colloidal
nanoparticle. (a) FDTD simulation showing the scattering intensity pattern produced by TE-polarized
UV light and a single nanosphere. Red and white indicate high and low intensities, respectively. (b)
The intensity pattern is recorded by an underlying photoresist layer on top of an ARC layer. (c) A
diagram showing the resulting 3D hollow “nano-volcano” structure.
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4.2  Structure Modelling and Prediction

The FDTD software package, MEEP, was used to simulate the lithography system. Simulation
was conducted in 3D with air and photoresist each occupying half the computation domain.
The dielectric constants of polystyrene and photoresist are 2.79 and 3, respectively, and no
absorption is considered. From the air medium, linearly polarized light with 325 nm
wavelength illuminates a polystyrene sphere sitting on the air/photoresist interface at zero
incident angle. Absorbing boundary conditions are applied on all the boundaries of the
computation domain to mimic infinite media. Note that the horizontal dimensions of the
computation domain perpendicular to the incident direction have to be large enough to avoid

any influence of the absorbing boundary conditions on the particle light scattering pattern.

To study this patterning approach, I investigate the response of the materials to the light
intensity distribution. The positive photoresist used in the experiments is modeled as a binary
material, which becomes completely dissolvable in developer at a specific threshold dose. In
addition, the photoresist material also absorbs UV light, so the intensity profile into the

material is modulated by an exponential decay as described by Beer-Lambert law, given as,
I =Ie %

where /o is the incident intensity, « is the absorption coefficient, / is the length of the absorbing
material, and / is the resultant intensity after the absorbing material. The threshold dose and
the absorption coefficient are two key parameters in the binary resist model, both
depending on the photoresist material and were found empirically through multiple

experiments. Using the rich fabrication results from different particle size-to-wavelength
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ratios, this model can be validated by an iterative process of comparing the experimental results

with different model parameters.

The colloidal light scattering can be described using the FDTD and the aforementioned
binary resist models, and the nano-volcano geometries can be accurately predicted. Figure 4-2
illustrates a quantitative comparison of the patterned and predicted structures using a 1 um
diameter particle and 325 nm wavelength TE-polarized exposure (y =3.08). The sidewall
angles and thicknesses are compared, showing good agreement between the experiment and
simulation. Note that the voids in the sidewall of the simulated cross section are enclosed
spaces and cannot be dissolved by the developer in the experiments, forming a thick solid
sidewall. These FDTD and binary resist models were used to predict all simulated nano-

volcano structures in this work.

S0 nm

—

2952 nm

Figure 4-2. Structure prediction using FDTD and binary resist models for nano-volcano. Diagram (a)
and (b) compare the side geometries between the fabricated and simulated structures, respectively,
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while (c) and (d) present a quantitative comparison of the same fabricated and simulated nano-
volcano interiors, respectively.

Mie theory can also be used to predict the angular intensity profile of the scattered pattern
but cannot accurately model the effect of multiple film layers, as shown in Figure 4-3. I
examined the optical scattering using Mie theory, where the angular scattering field can be
analytically derived. The intensity side lobes, which define the sidewall angles of the nano-
volcanoes, can then be compared with the results using FDTD. A representative log-scale
scattering field for y = 1.84 in air is shown in Figure 4-3(a) for TE polarization. Model
comparison is summarized for different particle diameter-wavelength ratios, as shown in
Figure 4-3(b). The discrepancy between the two models stems from the far-field scattering
field approximation and the complex multilayer photoresist/ ARC/substrate stack, which Mie
theory does not accurately predict. Given the relatively simple geometry and low computation

costs, the solution from the FDTD is used for all predicted structures.
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Figure 4-3. (a) Mie theory calculation for single particle scattering. (b) Side lobe angle comparison
between Mie theory and FDTD simulation.
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4.3 Single Nano-Volcanoes

Scanning electron microscope (SEM) images of the fabricated 3D nanostructures are shown in
Figure 4-4. In these experiments, linearly polarized 325 nm laser was used to illuminate
particles with diameters of 450 nm, 750 nm, and 1.9 um. The micrographs in each row
represent the side and cross-section views of the hollow nanostructures patterned with
transverse electric (TE)- and transverse magnetic (TM)-polarized light, respectively, for the
three different diameter spheres. Minor differences between the different polarization
exposures can be observed, indicating the patterned nanostructures have a two-fold symmetry.
The inset in each micrograph depicts the simulated structure using FDTD method and a binary
resist model. Every structure has sloped sidewalls with an opening on top and is hollow inside,
resembling a nano-volcano. By varying the particle diameter-to-wavelength ratio, y, the
structures can be designed with and without an inner core, as shown in Figure 4-4(a)-(d) and
Figure 4-4(e)-(1), respectively. The angle of the sidewall is also dependent on y and can be
designed to be 67° to 83°. The exposure dose is another factor that affects sidewall thickness
and the inner core geometry. We have shown that the sidewall thickness can be controlled

down to 60 nm.
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Figure 4-4. Micrographs of the fabricated hollow 3D nanostructures using TE and TM-polarized 325
nm illuminations. The inset diagrams show the corresponding simulated nanostructures using FDTD
method and a binary resist model. The nanostructures in each row were fabricated under the same
conditions: (a)-(d) Particle diameter D = 450 nm, exposure dose = 130 mJ/cm?, y = 1.38; (e)-(h) D =
750 nm, exposure dose = 120 mJ/cm?, y = 2.30; (i)-(1) D = 1.9 pm, exposure dose = 130 mJ/cm?, y =
5.85.

The relationships of exposure dose with sidewall angle, sidewall thickness, and the top
geometry of the nano-volcanoes are shown in Figure 4-5, Figure 4-6 and Figure 4-7,
respectively. The 3D nanostructures used for analysis were fabricated using 500 nm-diameter
polystyrene particles and linearly polarized 325 nm light exposure, which produces
nanostructures with inner cores. In these experiments, the exposure doses vary from 110
mJ/cm? to 180 mJ/cm?. I examined specifically the sidewall angle, sidewall thickness, the long
and short axes of the elliptical top opening and periphery. Figure 4-5 illustrates the dose
dependency of the sidewall angle, which is defined by the angle between the sidewall and the

horizontal plane. The solid lines in Figure 4-5 represent the simulated sidewall angles for the
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TE and TM illuminations. The angle in the TM plane is found to be larger than the angle in the
TE plane because of the polarization effect. It can be observed that the sidewall angles are
independent of doses, which in principle is expected because the scattering intensity pattern
does not change with the exposure dose. For doses below 140 mJ/cm?, the experimental results
agree with the simulations. However, the angles in the TE plane drop significantly at higher
doses due to mechanical sagging of thinner sidewalls, which cannot be predicted by the optical
model. The relationship of sidewall thickness versus dose is shown in Figure 4-6. The
simulated and experimental results indicate decreasing sidewall thicknesses with increasing
doses. The simulated sidewall for TM polarization is always thicker than that for TE
polarization, which agrees with experiment. The thickness reduction results in a less
mechanically stable nano-volcano structure, causing sagging of the sidewall at higher doses,
which is observed previously in Figure 4-5. Figure 4-7 depicts the relationship of the top
geometry with exposure dose, where a1, a2, wi, and w2 denote the long and short axes of the
elliptical top opening and periphery, respectively. This elliptical opening is the result of the
linearly polarized illumination and the focusing effect of the colloidal lens. The size of the
opening is calculated to be in the 220 nm x 400 nm range using the simulation models. The
experimental data and the simulations agree, and the deviation can be attributed to

development time, sphere shape, and photoresist thickness errors.
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Figure 4-5. Sidewall angle versus exposure dose from experimental data and FDTD simulations. The
diagram shows the definition of the sidewall angle.
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Figure 4-6. Sidewall thickness versus exposure dose from experimental data and FDTD simulations.
The diagram shows the definition of the side-wall thickness.
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Figure 4-7. Top geometry feature sizes versus exposure dose from experimental data and FDTD
simulations. The diagram shows the definition of the geometric parameters.

Since the lithographic exposure is governed by the light scattering profile in the Mie
scattering regime, the fabricated structure can be designed by controlling the particle diameter-
to-wavelength ratio, y. To illustrate this dependency, the sidewall angles of the nano-volcanoes
are compared with respect to different y values, as shown in Figure 4-8. Here the sidewall angle
values are experimentally measured using cross-section SEM micrographs and compared with
theoretical predictions using FDTD method. Based on the values of y, the geometries of the
nano-volcanoes can be divided into three regimes, as represented by the colors. In region I,
where y < 1.3, the intensity minima of the first side lobes of the colloidal scattering pattern
define the outer sidewall, and thus the angle increases as y increases. The structures in this

region are coreless and have nearly vertical sidewalls when y approaches 1.3, which defines
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the boundary (black dashed line) between regions I and II. The dashed lines connecting regions
I and II represent the transitional region, where 1.2 < y < 1.4 and the nano-volcanoes tend to
collapse due to thin and porous shells. In region II, the intensity minima of the second side
lobes define the outer sidewalls, resulting in lower angles than those defined by the first
intensity lobes. The first side lobes still exist at higher scattering angles, resulting in the
formation of an inner core within the hollow structure, as shown in the diagram. Because the
sidewalls are usually very thin in this region (~ 60-100 nm), the shell can sometimes sag due
to mechanical instability, as indicated in the curved sidewall shown in Figure 4-4(d), when y =
1.38. Note that the simulated pattern using FDTD for the corresponding exposure condition
predicts straight sidewalls. In region 111, where y > 2, hollow and coreless nano-volcanoes with
thick sidewalls can be fabricated. The thick sidewall results from a combination of the first and
second side lobes, as the scattering field becomes too close to form separate structures and
results in a sidewall with undeveloped volume. Figure 4-8 gives a comprehensive summary of
the three regions, representing an operating shape diagram to the available nanostructures that
can be patterned. Based on specific applications, the appropriate geometry can be chosen by
designing the corresponding y value. Note that the shape diagram shown in Figure 4-8 is

unitless, and it can be scaled to fabricate nano-volcanoes of any length scale.

69



9{} T T T T T T L L] L] S B B
3 | |
0 N A :
—_ I: A 11'_'.'.w
570 1 =" i
58 | | RIS
Deo k —— TE (FDTD) -
~ | J —— TM (FDTD)
“‘5’ s b | A | # TE (Experiment) J
e | | &  TM (Experiment)
=
< 40 | | | 1
Tg 10 Region | | Region 1l | Region 111 ]
]
=
wn 20 1
10 i
[] i 1 i 1 i i i £ i I i 4 i
0.5 1 2 3 4 5 6 7

log y

Figure 4-8. Operating shape diagram of the patterned 3D structures, showing the experimental results
and FDTD simulations of the sidewall angle 8 with respect to y. Three regions of the achievable
hollow nano-volcano structures are presented in the diagrams. The dashed lines connecting the

adjacent regions represent transitional regions, where shell damages are observed. The black dashed
lines are representative boundaries between regions, which are given by y = 1.3 and 2.

In addition to y and dose, the polarization state of the incident light can also have an impact
on the patterned structures. Since the spherical colloidal elements used in this work are
circularly symmetric, the symmetry of the patterned nano-volcanoes is solely dependent on the
polarization state of the illumination. The fabrication results using a linearly polarized laser
illustrate the two-fold symmetry of the nanostructures, as shown in Figure 4-4. This symmetry
can be better observed in the top-view micrograph for a nano-volcano with y = 1.54, as shown

in Figure 4-9(a), where the long axis of the elliptical opening is aligned to the polarization
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direction. When the exposure light is unpolarized, the fabricated nano-volcanoes have
cylindrical symmetry, as shown in Figure 4-9(b)-(d). These structures were fabricated using
500 nm diameter particles and an unpolarized mercury lamp narrow-band filtered at 365 nm.
The value of y is in region II of Figure 4-8, and an inner core can be observed in the nano-
volcano, agreeing with the previous model. This result supports the conclusion that the phase
diagram illustrated in Figure 4-8 is also applicable to unpolarized illuminations, which is
expected given that the simulated TE and TM cases are similar. The shape of the particle can
also affect the symmetry of the resultant nanostructures. If nonspherical colloidal elements are
used, such as cubic particles or nanorods, the resultant structures are expected to resemble the

symmetry of the elements and more complex geometries can be obtained.

Linpolitized

Figure 4-9. Micrographs showing the polarization effect on the structural symmetry. (a) Top view of a
nanostructure fabricated using a linearly polarized 325 nm laser and 500 nm diameter particles with
exposure dose of 130 mJ/cm? overlaid with the simulated structure. (b-d) Top, side and cross-section

views of the nanostructures fabricated using an unpolarized mercury lamp narrow-band filtered at 365

and 500 nm diameter particles. The cylindrical symmetry can be observed.
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4.4  Fabrication of Nano-Volcano Arrays

The hollow nano-volcano structures can also be patterned in a periodic array using light
scattering from hexagonal non-close-packed particles, which allows precise spatial control of
the surface structures. Since single nano-volcano is fabricated by light scattering from
isolated particle, a nanosphere array that is not close-packed can produce periodic nano-
volcano arrays. Figure 4-10 (a) and (b) depict the process to obtain such a periodic nanosphere
mask. First, a monolayer of large polystyrene nanospheres is self-assembled into hexagonal
close-packed array on the photoresist surface. The whole stack is then subjected to isotropic
oxygen plasma etching, which reduces the particle diameter uniformly while preserving the
periodic order. A thin layer of silicon dioxide was deposited on photoresist prior to particle
coating to protect the photoresist during plasma etching. Subsequent UV light exposure and
development processes produce the periodic nano-volcano arrays, as illustrated in Figure 4-10
(c) [92]. The plasma etching can preserve the spherical shape and the periodic order of the

particles while reducing the particle diameter.
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Figure 4-10. Fabrication process for periodic nano-volcano arrays. (a) An array of nanospheres is
self-assembled on resist surface and is subjected to isotropic oxygen plasma etching to reduce the
sphere diameter. (b) The whole stack is then exposed by UV light, resulting in (¢) a periodic array of
nano-volcanoes.
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The isotropic etching of the polymer colloids can be well controlled, as illustrated in Figure
4-11. In these experiments, samples with monolayers of close-packed 1 um and 2 pm-diameter
polystyrene particles were etched using a plasma Asher (PM-600, March Instruments). The
etching parameters were 500 mTorr pressure, 250 W power and 80 sccm oxygen flow rate. For
both cases, the etched particle volume, which is proportional to D>, has a linear relationship
with the etching time after the etching process is stabilized. The insets in each graph show the
evolution of the etching process, which preserves the spherical shape and the periodic order.
The linear volume reduction relationship to time allows facile control of particle diameter,

which in turn controls the geometry of resulting nano-volcano structures.
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Figure 4-11. Characterizations of the isotropic etching processes of (a) 1 pm and (b) 2 pm-diameter
nanospheres. After initial stabilization, the particle volume decreases linearly with etching time.

FDTD simulations were conducted for 500 nm-diameter polystyrene nanospheres in a
hexagonal array with 2 pm period, as illustrated in Figure 4-12 for both TE and TM-polarized
illuminations. Using the aforementioned binary resist model, structure predictions are

illustrated in Figure 4-12 with 500 nm and 700 nm depths. Simulations suggest that the
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scattering from the neighboring particles can interfere with each other as depth approaches the
period spacing. For the case in Figure 4-12(a) and (b), the strong interference starts from 700
nm depth. When the photoresist exceeds this thickness, the interference effect can damage the
shell structure from bottom. For a high-quality nano-volcano array, the thickness of photoresist
or the height of the nano-volcano array cannot exceed the limit defined by the separation

between neighboring particles and the particle diameter-to-wavelength ratio.
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Figure 4-12. FDTD simulations of the intensity pattern for 500 nm-diameter nanospheres in a 2 pm-

period hexagonal array at orthogonal cross sections. Interference between scattering patterns occurs

beyond 700 nm thickness. Simulated nano-volcano arrays are for depths of (c) 500 and (d) 700 nm,
respectively.

Three types of periodic arrays using different initial sphere diameters and resist thicknesses
were fabricated, as shown in Figure 4-13. The individual structure in each array has a hollow
structure, similar to the isolated ones fabricated in the previous sections. The periods depend
on the initial size of the nanospheres prior to size reduction and are 1 and 2 um, as shown in
Figure 4-13(a) and (b), respectively. Structural defects, such as broken lower sidewalls in
Figure 4-13(a), can be observed due to light interference between overlapping scattering fields

from neighboring particles as explained in the previous FDTD simulations. By reducing the
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thickness of the photoresist to 500 nm, the same 2 pum period array can have improved
structural quality, as shown in Figure 4-13(c). The thickness of photoresist should be chosen
within the height limit to avoid light interference between neighboring particles, which
depends on the particle array period and the particle diameter-to-wavelength ratio. The

dependency of these factors on structure control is currently under investigation.

Figure 4-13. Micrographs of the periodic nano-volcano arrays with (a) 1 um period and 1 pm height,
(b) 2 um period and 1 pm height, (c) 2 pm period and 500 nm height.

4.5 Application as Drug Delivery Surfaces

The proposed method harnesses colloidal light scattering for facile fabrication of hollow 3D
nano-volcano structures, which can find applications in functionalized surfaces for particle/cell
trapping and drug delivery. Hollow nanostructures have drawn particular interests in these
areas, and researchers have successfully demonstrated well-controlled drug loading and release
mechanisms [25]-[28], [93]. Here I propose a drug delivery scheme, which can have active
release capability to precisely control the drug release dosage, as shown in Figure 4-14. This
scheme is not only suitable for molecule loading, but also nano-scale materials, such as
nanoparticles. The material loading can be conducted by immersing the empty nano-volcanoes

into material solutions in a vacuum chamber to degas. Then the nano-volcanoes are loaded and
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can be transferred to the releasing medium, such as a water environment. The release can be
passive in nature by pure material diffusion until fully depleted. More interestingly, one can
actively trigger the release using a phase change material (PCM) as the loading medium for
molecules and nanomaterials by changing the temperature. The temperature change can be
realized by different methods such as light radiation, ultrasonic agitation, and plasmonic local
heating. The end product will be a drug delivery transdermal patch with loaded nano-volcano

arrays and programmable delivery dosage and schedule.

Degasing Nano-Volcano Loaded Nano-Volcano Release of Materials

_I: Loading medium »

Material to be loaded

Vacuum

Figure 4-14. Nano-volcano drug delivery concept.

To realize the active drug delivery surface, I first investigated its particle trapping capability
using vacuum. In this approach, the nano-volcano sample was covered by a film of aqueous
colloidal solution with 50 nm diameter silica nanoparticles (Polyscience colloidal silica
microspheres in 5% aqueous solution) and placed in a vacuum chamber. The vacuum degasses
the trapped air bubbles inside the nano-volcano structures, allowing the solution to fill the
hollow chambers. The samples were allowed to dry in atmosphere, loading the nanoparticles

within the nano-volcanoes. The extra particles outside the nanostructures were removed using
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ultrasonic agitation, while the particles within the chamber remained trapped. The particle
trapping results of the fabricated structure are illustrated in Figure 4-15(a) and (b), where the
interiors of double-shelled and thick-walled nano-volcanoes after particle loading are shown,
respectively. The silica particles can be trapped efficiently within the interior chamber of the
nano-volcanoes, while no particles can be observed outside the nano-volcanoes. This trapping
mechanism is also uniform, and nano-volcanoes over an area of 5.9 mm? were found loaded.
Given the nanoscale volume, a finite number of particles were trapped, which can be used for
precise drug delivery. In these experiments, the double-shelled nano-volcanoes shown in
Figure 4-15(a) can collapse under high vacuum because their thin sidewalls (~ 60 nm) are
mechanically unstable. Therefore, thick-walled nano-volcanoes are preferred to withstand high
vacuum in this loading mechanism, as indicated in region III of the shape diagram shown in
Figure 4-8. Release and other loading mechanisms with less structural damages are currently
being explored. While all structures in this work are patterned in polymer, other materials may
be introduced by using conformal deposition techniques such as atomic layer deposition. This
will allow structures that are mechanically more stable and enable further surface
functionalization of the nano-volcanoes. Future work will be the use of periodic nano-volcano

arrays to enhance the spatial control of particle trapping or delivery.
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Figure 4-15. Micrographs of particle-trapping nano-volcanoes. The 50 nm diameter silica particles are
trapped in (a) double-shelled and (b) thick-walled nano-volcanoes.

To achieve active release mechanisms, a PCM called 1-tetradecanol (Sigma-Aldrich, USA)
was used as the drug loading medium. In particular, 60 nm diameter polystyrene fluorescent
nanoparticles (Bangs Laboratories, Inc. 1% solid concentration, envy green) were chosen to
characterize the drug release behavior by monitoring the fluorescence decay within a single
nano-volcano. The fluorescent particle and the PCM were premixed at a volume ratio of 1:10.
The nano-volcanoes for testing were fabricated using 760 nm diameter polystyrene spheres
and 365 nm wavelength. For a 1 um tall nano-volcano with thick enough shells to hold vacuum,
the proper exposure dose was found to be 107-110 mJ/cm? using a bandpass filter and the MA6
exposure system in NCSU Nanofabrication Facility (NNF). The fabricated nano-volcano
samples were then coated with SiO2 uniformly on every exterior surface using a 60° angled
wedge as sample holder in the 4 in electron beam evaporator in NNF. Since there is no
rotational stage in the evaporator, four separate depositions in four directions were conducted
to cover all nano-volcano slanted surfaces and 10 nm SiO2 was deposited in each deposition

cycle. The coated nano-volcanoes will have a hydrophilic surface covered with —-OH™ after
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several seconds of oxygen plasma treatment, which can prevent 1-tetradecanol from adhering
to the surface for easy removal of the excess materials after loading. The removal process of
1-tetradecanol is depicted in details in Figure 4-16. A beaker of hot water is covered with a
pond of 1-tetradecanol above the melting point and the loaded nano-volcano samples will have
excess amount of 1-tetradecanol on the whole sample surface, as shown in Figure 4-16(a). The
nano-volcano sample is then moved vertically through the 1-tetradecanol pond into water. The
water molecules ‘like’ to adhere to the plasma-treated sample surface because of hydrophilicity
to break the attachment of excess 1-tetradecanol, and the surface tension between water and 1-
tetradecanol helps the removal of 1-tetradecanol from the sample surface, as shown in Figure
4-16(b). The sample may be recovered when water cools down and 1-tetradecanol becomes
solid. During the whole removal process, the loaded particles are free to diffuse out of the

nano-volcanoes, and an improved method may be needed.
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Figure 4-16. PCM removal process by surface tension removal.
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The loaded nano-volcanoes after the process shown in Figure 4-16 were imaged using a
reflection-mode confocal microscope and scanning electron microscope, and the results are
shown in Figure 4-17. The confocal image in Figure 4-17(a) shows both empty and loaded
nano-volcanoes. The Sumitomo photoresist shows a red fluorescence under 488 nm
wavelength excitation while the fluorescent particles show envy green fluorescence. This
difference helps identify empty nano-volcanoes as shown by the arrow in Figure 4-17(a).
Loaded nano-volcanoes in Figure 4-17(b)(c) show red and green fluorescence with possible
exterior attachment of fluorescent particles, which could be a benefit for enhancing the loading
capacity. In Figure 4-17(b), a PCM ball is sitting on top of the nano-volcano and apparently
there are also fluorescent particles inside from the fluorescent map. So far there are no good
explanations regarding this behavior and more testing needs to be conducted. The ideally
loaded nano-volcano would appear similar to the one shown in Figure 4-17(c). The next step
would be the characterizations of particle release by monitoring the fluorescence decay of a

single nano-volcano using heating methods such as laser radiation and ultrasonic agitation.
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Figure 4-17. Fluorescent particle loading. (a) Confocal microscope image of nano-volcanoes loaded
with PCM and fluorescent particles. (b-c) Scanning electron microscope images of loaded nano-
volcanoes.

4.6  Plasmonic Metal Particles for Subwavelength Patterning: A Simulation Analysis

Polystyrene nanoparticles were used exclusively for lithography to make “nano-volcanoes” in
the previous part of this chapter. Polystyrene particles are dielectric with little optical loss and
allows the generation of 3D intensity patterns. However, nanoparticles with other materials
can induce more exotic light-matter interactions, which could extend the fabrication
capabilities by easily integrating such particles into the aforementioned fabrication technique.
In particular, plasmonic metal particles were numerically analyzed in the lithography system
to utilize its localized surface plasmon resonance modes for subwavelength patterning due to

the highly-confined nature of the light intensity by surface plasmons.
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The simulation was conducted in MEEP and the analysis method was adapted from online
examples for silver particles in air [94]. For lithography, the metal particle has to sit on a
photoresist surface, which is not easily modelled by Mie theory as shown previously. Details
about the simulation setup can be found in the online example. The calculation of extinction
efficiencies, which is the sum of absorption and scattering efficiencies, has to take into account
the existence of photoresist. Therefore, three sets of simulations has to be performed. The first
set of simulation will be calculating the incident light intensity, /o, with only air as medium.
The second set will be used to calculate the absorption efficiency with metal particle and
photoresist. Six surface monitors forming a closed cube surrounding the metal particle are set
to record the total transmitted light power, Pass. The last set of simulations will calculate the
scattering efficiency with the presence of metal particle and photoresist excluding the
transmitted light power without the metal particle through the same closed surface monitors in
the absorption simulations. The total transmitted light power surrounding the particle is the
scattering light power, Pscat. The physical cross section of the metal particle is S. Then the
scattering, absorption, and extinction efficiencies are calculated using the following
relationships,

P scat P abs

o = (04 = —
scat IO S ’ abs IO S

Aext = Ascat T Aaps

where aext, 0scar, and owapbs are extinction, scattering and absorption efficiencies.

The calculated scattering characteristics of a 50 nm-diameter silver particle on Sumitomo

photoresist is shown in Figure 4-18, where a spectral range from 320 nm to 650 nm is
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calculated. Two extinction efficiency peaks at 353 nm and 399 nm can be observed for
quadrupole and dipole resonances, respectively, as shown in Figure 4-18(a). The top views of
the intensity through the metal particle for quadrupole and dipole resonances are shown in
Figure 4-18(b) and (d), respectively, while the vertical cross sections are shown in Figure 4-
18(c) and (e). The dipole resonance has a two-lobe intensity profile and the intensity pattern is
extended a few nanometers into the photoresist, as shown in Figure 4-18(d) and (e). The
quadrupole resonance is supposed to have four distinct intensity lobes, which is not obvious in
Figure 4-18(b). Since the particle size can greatly affect the localized surface plasmon
resonances, the quadrupole lobes could be designed to reveal the four lobes. It is also important
to consider the spectral sensitivity of the photoresist since most photoresists are sensitive to
UV light. Photosensitizers in the visible light is an option to add into photoresist to broaden
the exposure spectral range. The discontinuous wavelengths from available lasers pose another
challenge in designing metal particles for lithography since plasmon resonances usually have
narrow bandwidths. Due to the localized nature of surface plasmons, such lithography
technique can only generate surface patterns and careful designs have to be performed using

numerical simulations.
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Figure 4-18. (a) Scattering characteristics of 50 nm-diameter silver nanoparticle on photoresist. Two
resonances are observed at 353 nm and 399 nm. (b-c) Top view and cross-sectional view of
quadrupole resonance at 353 nm wavelength using logarithmic plot with base of 10. (d-e) Top view
and cross-sectional view of dipole resonance at 399 nm wavelength using logarithmic plot with base
of 10.
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4.7 Summary

In this chapter, I have demonstrated the fabrication of complex 3D hollow nanostructures using
light scattering from individual colloidal elements and its application in particle trapping. This
approach harnesses the local optical interaction with colloids and allows versatile, facile
fabrication of complex 3D nano-volcano structures. No external optics are required in this
approach, and light is manipulated into the designed optical pattern solely by the colloids. The
scattering field is well described by the proposed shape diagram, and various geometries can
be readily fabricated by controlling the particle size-to-wavelength ratio. The 3D
nanostructures can also be patterned with periodic order using non-close-packed colloidal
assembly, allowing precise spatial control for particle trapping/delivery. The nanoscale interior
volume of the hollow nano-volcano structures has been shown to be effective in trapping
nanoparticles and can potentially be used as functionalized patches for particle/cell trapping
and precise drug delivery. Other possible applications involve biosensing and optical or
acoustic focusing using the tapered sidewalls. Although in this work I focused on readily
available spherical nanoparticles as scattering objects, other types of colloidal elements, such
as cubic, tetrahedral, and rod particles, can be incorporated into this approach to enable a wide
variety of achievable 3D nanostructures. Plasmonic metal particles can also be integrated into
this technique using the localized surface plasmon resonances. Preliminary simulation studies
show the possibility of subwavelength patterning using silver metal particles. More detailed
designs have to be conducted to study the light-particle interactions to achieve subwavelength

patterning.
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CHAPTER 5
THREE-DIMENSIONAL NANOLITHOGRAPHY USING COLLOIDAL

PARTICLES — OBLIQUE INCIDENCE

In the previous chapter, the colloidal particles are subjected to normal incidence to generate
upright ‘nano-volcanoes.” However, due to the existence of an air-photoresist interface, the
scattering pattern can vary under different incident angles. In this chapter, I will explore the
extended fabrication capabilities of the 3D nanolithography described in the previous chapter
by simply tilting the illumination. This simple modification also allows us to introduce more

controllable lithography parameters to fabricate a large variety of 3D nanostructures.

I will describe a 3D nanolithography technique using multiple oblique illuminations of
colloidal particles to make hollow-core asymmetric nanostructures. The particle-light
interaction results in complex intensity patterns, which can be used to expose underlying
photosensitive materials. Multiple sequential exposures in various configurations can be used
to sculpt the final structure and enable more complex symmetry. The proposed method
allows the design of 3D structure with additional fabrication parameters, such as incident angle,
polarization, dose, and exposure configurations. The light scattering is chosen in Mie scattering
regime (D ~ A), where the scattering pattern has alternating bright and dark lobe-like angular
distribution with high intensity contrast. In this regime the pattern is highly sensitive to the
particle size to wavelength ratio, enabling high diversity of fabricated nanostructures. The
proposed process relies solely on particle-light interactions, and does not require complex

hardware often seen in existing 3D nanolithography systems such as electron-beam/focused-
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ion beam [33], interference/holographic [38], and multi-photon lithography [36], [37], [95].
Since the scattering mechanisms do not rely on coherence, lasers are not required and any
narrowband light source can be used. Harnessing the particle-light interactions also enable
novel local scattering patterns, and expands on the use of colloidal elements beyond self-
assembly systems. The particles are assembled directly on the photoresist surface, ensuring
intimate contact between the colloidal particles and the photoresist. Isolated colloidal particles
are the focus of this work, but the proposed method can also be applied to multiple particles,
non-spherical colloids and their assemblies to fabricate exotic nanostructures [52], [53].
Plasmonic interaction described in the previous chapter is also possible using metal particles

to fabricate subwavelength surface features.

5.1 Fabrication Concept

The proposed fabrication method of slanted nanostructures is shown in Figure 5-1, where light
scattering intensity pattern generated by oblique illumination of a single nanosphere is
recorded by underlying photosensitive resist. Using a positive resist, consecutive exposures
can be used to remove material and sculpt the final geometry. The oblique exposure is at angle
60, as shown in Figure 5-1(b), and can be controlled to yield various scattering patterns. A cross
section of the 3D intensity pattern from the FDTD simulation using transverse-magnetic (TM)
polarized illumination at 8 = 40°, 4 = 325 nm, and D = 390 nm is shown in Figure 5-1(a). In
this configuration the electric field is aligned along the plane of incidence under TM polarized
illumination, while being orthogonal to the plane of incidence under transverse-electric (TE)

polarized illumination. The intensity pattern in the resist shows distinct lobe-like angular
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variations with a highly focused central lobe and multiple side lobes. The lobes closest to the
central lobe are defined as first side lobes, the second closest as second side lobes, and so on.
Compared with the normal illumination case [96], the scattering system loses symmetry within
the plane of incidence, and the magnitude and distribution of the oblique scattering intensity
pattern are largely altered. As a result, the oblique scattering pattern cannot be regarded as a
pure rotation of the normal scattering pattern. The repeatability of the proposed technique can
be ensured by controlling lithography parameters such as wavelength, particle diameters,

illumination configuration, and exposure dose, which can be precisely controlled.
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Figure 5-1. Fabrication process of hollow asymmetric 3D nanostructures using oblique light
illumination of a colloidal nanoparticle. (a) FDTD simulation illustrating a cross-section of the
scattering intensity pattern produced by TM-polarized UV light at 40° and a single polystyrene

nanosphere. Red and white contours indicate high and low intensities, respectively. (b) The intensity
pattern is recorded by an underlying photoresist layer on top of an ARC layer. Multiple oblique
illuminations can be used to pattern complex structure symmetry.
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5.2  FDTD Simulation and Binary Resist Model

The modelling techniques used to predict fabricated 3D nanostructures are the same as
described in the previous chapter. The FDTD software package, MEEP, was used to simulate
our oblique nanolithography system. As an example, the simulation setup and simulated
structure are shown in Figure 5-2 with 325 nm wavelength TM light source at 40° incidence
angle on a 390 nm diameter polystyrene sphere sitting on a photoresist substrate. The dielectric
constants of polystyrene and photoresist are 2.79 and 3+0.1039i, respectively. The simulations
were done in 3D and the resist substrate was rotated 40° for oblique incidence, as shown in
Figure 5-2(a). Absorbing boundary conditions were applied on all 3D boundaries. The 3D light
intensity was obtained after the simulation. A cross section of the light intensity pattern is
shown in Figure 5-2(b), overlaid with the air/resist interface and the sphere position in black
lines. Red color means intensity over zero while pure white means zero intensity. The structural
prediction using binary resist model is shown in Figure 5-2(c). As described before, the resist
is modelled as a binary material with a user-defined threshold. For positive resist, the intensity
points above the threshold are deleted and the points left are plotted in 3D to reveal the
simulated structure. In contrast, for negative resist, the intensity points above the threshold is
preserved and plotted while the ones below the threshold are deleted. This threshold intensity
is determined experimentally by matching the top hole diameter between the modeled and

fabricated structures.
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Figure 5-2. (a) Simulation geometry with white being air and black being nanosphere and resist. (b)
Cross section of simulated 3D light intensity. (¢) Simulated structure by binary resist model. The
structure is tilted for better view.

5.3 Fresnel Transmission

Fresnel transmission analysis is important in determining exposure dosage for different
incident angles and polarizations. To simplify the analysis, the effect of the sphere is omitted
to study the total reflected light intensity that does not enter the resist. The Fresnel transmission
curves for TE and TM polarizations as functions of incident angle are shown in Figure 5-3.
The TE transmission is decreasing as incident angle increases and is lower than TM
transmission. This means the exposure dosage for TE case is usually higher than for TM case.
In TM case, the transmission reaches 100% at Brewster angle, then decreases dramatically
afterwards. A full set of TM exposures on 390 nm diameter sphere were conducted and the
proper exposure dosage for each incident angle was determined. Then for TE exposures, the

dosage is calculated in reference to the TM dosage at the same incident angle by multiplying
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the ratio of TM transmission and TE transmission. This method offers a good starting point for

exposure dosage in TE cases and saves some efforts in finding the proper dosage.
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Figure 5-3. Fresnel transmission versus incident angle for TE and TM polarizations. The inset shows
the analysis diagram.

5.4 Fabrication Results with Single Oblique Exposure

The fabricated slanted hollow 3D nanostructures are shown in the scanning electron
microscope (SEM) images depicted in Figure 5-4. The exposures were conducted using a 325
nm wavelength laser and 390 nm diameter polystyrene nanospheres. The first row illustrates
the side views of the fabricated structures under TM-polarized illumination with incident
angles 8 =20°, 30°, 45°, and 70°. The corresponding cross-sectional views are displayed in the
second row, indicating the hollow cores of the structures. The third row illustrates the side

views of the nanostructures fabricated under TE-polarized illumination with incident angles 6
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=30°, 45°, 60°, and 70°. The inset in each image is the simulated nanostructure using FDTD
simulation and binary resist model described before. In the TM case, highly focused central
lobe generates slanted nanostructures with hollow chambers, which are enclosed by complete
shells formed by the first side lobes. Shells formed by the second or higher order side lobes are
usually broken due to mechanical instability, as observed in the 8 = 20° and 30° cases. When
6 = 45°, the second shell is preserved, forming a double-shell slanted nanostructure, while
when 6 = 70°, the first and second side lobes on the left merge to form a thick wall, and the
second shell collapsed on the right. The structures from high incident angles (6 > 45°) are more
slanted than those from low incident angles owing to the effects of second side lobes. The
exposure results for TM 8 = 50° and 60° using 390 nm diameter spheres are shown in Figure
5-5. The structures appear similar to the 6 = 45° case except for the different side wall angles

and double shells to the right.

The structure from TM polarization and 8 = 30° is of particular interest. It consists of a sharp
tip with radius of curvature of ~90 nm, a hollow chamber with small volume, and an opening
on the side, resembling a nanoscale needle. This type of structure may find applications in
transdermal and intercellular drug delivery with precise dose control. The nanostructures
typically have less geometry variety in TE cases as opposed to TM, because the electric field
is orthogonal to the plane of incident and does not change direction for different incident angles.
There is a single sharp feature on the incidence side while the features are broken on the

opposite side, as in Figure 5-4(i) and (j) or preserved, as in Figure 5-4(k) and (1).
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Figure 5-4. Micrographs of the fabricated oblique hollow 3D nanostructures using TE and TM-
polarized 325 nm illuminations and 390 nm diameter nanospheres. (a)-(d) Incident angle § = 20°, 30°,
45°, and 70°, respectively and exposure dosages 110 mJ/cm?, 135 mJ/cm?, 110 mJ/cm?, and 290
mlJ/cm?, respectively, under TM polarized illumination. (e)-(h) Corresponding cross sections of (a)-
(d). (i)-(1) Incident angle & = 30°, 45°, 60°, and 70°, respectively, and exposure dosages 150 mJ/cm?,
163 mJ/cm?, 268 mJ/cm?, and 435 mJ/cm?, respectively, under TE polarized illumination. The inset
diagrams show the corresponding simulated nanostructures using FDTD method and a binary resist
model.
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Figure 5-5. Micrographs of fabricated structures under single TM exposures with 390 nm diameter
spheres. Side and top views of the nanostructures fabricated at (a) & = 50°, exposure dosage 150
mJ/cm?; (b) 6 = 60°, exposure dosage 180 mJ/cm?.

The sidewall and center hole angles with respect to incident angle are analyzed for the
slanted nanostructures fabricated from TM-polarized cases, as shown in Figure 5-6. The center
hole angle f. is defined as the angle between the normal axis of the hole and the horizontal
plane, and the sidewall angles f. and fr are the inner angles of the left and right sidewalls,
respectively. Subscripts “1” and “2” denote the sidewalls determined by the first and second
side lobes, respectively. If 1 < Sz, as the case depicted in the schematic, the structure is slanted
towards right, and vice versa if . > fr. The analysis is based on incidence from the right,
resulting in the structure slanted towards right and fz < fr for both first and second shells.

Starting from equal sidewall angles at normal incidence, the left sidewall angle decreases while
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the right one increases with increasing incident angle, indicating more slanted left sidewalls.
The first shell always exists for the entire 70° incidence range while the second shell appears
after 45° due to the angular function of the scattering pattern. The second shell angles are lower
than the first shell angles on the same side, meaning increased obliqueness of the outermost
surface of the nanostructure. This behavior is unique because of the existence of higher order
side lobes in the scattering intensity pattern, compared to the oblique microlithography which
adopts the non-diffractive shadowing effect [97]-[99]. The center hole angle closely follows
Snell’s law when ignoring the nanosphere for both FDTD simulation and experiments,

indicating the particle has negligible effect on the center hole angle.
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Figure 5-6. Sidewall angle and central hole angle analysis of the oblique nanostructure with respect to

incident angle for TM-polarized 325 nm illumination and 390 nm diameter nanosphere. The angles
are defined in the cartoon between the outer surface and the horizontal plane.
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Various types of nanostructures can be achieved using different sphere sizes, since
scattering effect is sensitive to the particle diameter in the Mie regime. Two examples are
depicted in Figure 5-7 with 500 nm diameter nanospheres at 45° and 60° TM incidence. The
structures are hollow, but the surface morphologies are different from the ones in Figure 5-4
due to different scattering intensity patterns. Additional single exposure results using 760 nm
and 1 um diameter spheres can be found in Figure 5-8, where more higher order side lobes
exist after photoresist development. Other geometries can be achieved by varying exposure
wavelength, particle geometry such as non-spherical colloids, and particle material such as

metal and silica particles.

Figure 5-7. Micrographs of the fabricated asymmetric hollow 3D nanostructures using TM-polarized
325 nm illuminations and a 500 nm diameter nanosphere. The (a) side and (b) top views of the
nanostructure fabricated at incident angle 6 = 45° and exposure dose of 150 mJ cm™. The (c) side and
(d) top views of the nanostructure fabricated at incident angle § = 60° and exposure dose of 200 mJ
cm. The inset diagrams show the corresponding simulated nanostructures using FDTD method and a
binary resist model.
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Figure 5-8. Micrographs of fabricated structures under single TM exposures using different sphere
sizes. Side and top views of the nanostructures fabricated at (a) D = 760 nm, § = 45°, exposure dosage
130 mJ/cm?; (b) D=1 um, 6 = 45°, exposure dosage 105 mJ/cm?; (c) D=1 um, 6 = 60°, exposure
dosage 130 mJ/cm?.
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5.5 Multiple Exposures

The use of multiple illuminations is also explored to create 3D structures with more complex
symmetry. Analogous to a sculpting knife carving away materials, the exposure intensity
profiles are compounded to shape the final structure. The first experiments are based on
coplanar double exposures, where the first and second illuminations are arranged in the same
plane of incidence with mirror symmetry, as depicted in Figure 5-9(a). Figure 5-9(b) and (c)
illustrates the top- and side-view micrographs of the fabricated structures using TM
polarization at 30° and 50° incidence, respectively. The results from TE polarization using the
same exposure conditions are shown in Figure 5-9(d) and (e). Each set of results shows a twin
slanted hollow nanostructures with mirror symmetry, a direct result of the lithography
conditions. The structural heights are shorter than the original photoresist thickness because
the energy summation of the two scattering intensity patterns results in lower exposure contrast
in the overlapped region. As observed in Figure 5-9(b) and (c), the first shell exists for both
cases while the second shell only appears in the 50° incidence case, agreeing with the analysis
in Figure 5-6. Sharper features are created using TE polarization, as shown in Figure 5-9(d)
and (e). The sculpting effect is evident in Figure 5-9(d), where the second exposure carves the
initial hollow structure into five symmetric nanoneedles with radii of curvature in the range of
30-40 nm. In this case the two scattering intensity minima are aligned to define the sharp tips.
This is in contrast to the 50° case in Figure 5-9(c), where the intensity profiles overlap to a

lesser degree and the resulting structures closely resemble the single exposure case.
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Figure 5-9. Micrographs of the nanostructures from sequential coplanar double exposures using 325
nm linearly polarized illuminations and a 390 nm diameter nanosphere. (a) Schematic of the exposure
configuration. Side and top views of the nanostructures fabricated at (b) 6 = 30°, exposure dose of 135
mJ cm? under TM exposures; (c) @ = 50°, exposure dose of 150 mJ cm™ under TM exposures; (d) § =

30°, exposure dose of 130 mJ cm™ under TE exposures; (¢) 6 = 50°, exposure dose of 165 mJ cm™
under TE exposures.
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The double exposure can be further generalized by adjusting the in-plane azimuth angle ¢,
as shown in Figure 5-10(a). In this configuration, the two exposures have the same incident
angle but are in different incident planes. Figure 5-10(b)-(e) show the fabricated nanostructures
with varying incident and azimuth angles for different polarizations and sphere sizes. Once
azimuth angle is not 180° a small incident angle change can result in significant structural
changes. In Figure 5-10(b), sharp nanoneedles are again fabricated with one central needle
missing using TM polarization compared to the one using TE polarization in Figure 5-9(d). In
Figure 5-10(c), the structure is different from the one in Figure 5-10(b), showing a connected
twin slanted hollow nanostructure despite the small incident angle difference of 15°. Connected
twin structures are also seen in the TE case with incident angle of 45° and azimuth angle of 90°
in Figure 5-10(e) with joint sharp tips. Separate tips are also possible by slightly increasing the
exposure dose in Figure 5-11(e). The simultaneous changes of sphere size and azimuth angle
also alter the structure dramatically when one compares the results using 500 nm diameter
spheres and ¢ = 120°, as shown in Figure 5-10(d), with the ones using 390 nm diameter spheres
and ¢ = 135°, as shown in Figure 5-10(c). No connected structures are present in the former
case, but instead there is a separate hook-like structure in the middle. Additional fabrication

results using double illuminations can be found in Figure 5-11.
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Figure 5-10. Micrographs of the nanostructures from sequential noncoplanar double exposures using
325 nm linearly polarized illumination. (a) Schematic of the exposure configuration. Side and top
views of the nanostructures fabricated at (b) 8 =30° ¢ = 135°, D =390 nm, exposure dose of 132 mJ
cm™ under TM exposures; (c) 8 = 45°, ¢ = 135°, D = 390 nm, exposure dose of 125 mJ cm™ under
TM exposures; (d) 0 = 45°, ¢ = 120°, D = 500 nm, exposure dose of 125 mJ cm™ under TM
exposures; () 0 = 45° ¢ = 90°, D = 390 nm, exposure dose of 151 mJ cm™ under TE exposures.
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Figure 5-11. Micrographs of fabricated structures using various double exposure configurations. Side
and top views of the nanostructures fabricated using coplanar double TM exposures with (a) D = 500
nm, § =45°, exposure dosage 125 mJ/cm?; (b) D =750 nm, € = 45", exposure dosage 130 mJ/cm?; (c)
D=1 um, = 45", exposure dosage 140 mJ/cm?. (d) Coplanar double exposures with different
polarizations using D = 390 nm, 6 = 45°, exposure dosage 85 mJ/cm? for TE and 68 mJ/cm? for TM.
(e) #=145°, p =90°, D = 390 nm, exposure dosage 157 mJ/cm* under TE exposures. (f) 0 =45", o =
120°, D = 390 nm, exposure dosage 105 mJ/cm? under TM exposures.
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Triple and quadruple illuminations were also conducted, as shown in Figure 5-12. In these
experiments, the three or four sequential exposures are arranged symmetrically with constant
angle offset in reference to the sphere. The structures from triple exposures result in three-fold
symmetry, and do not show significant differences between TM and TE polarizations, as
shown in Figure 5-12(a) and (b), respectively. The slightly higher exposure dose in one of the
three exposures is evident in the different constituent structures in Figure 5-12(a). The results
from quadruple exposures using TM polarization show four-fold symmetry, as shown in Figure
5-12(c)-(d). For a 390 nm diameter sphere, the four hollow structures by each exposure are
connected to form a cross-like nanostructure with four more holes in the central region, as
shown in Figure 5-12(c). For a 500 nm diameter sphere, the four hollow structures are separate
and surrounded by a second shell, as shown in Figure 5-12(d). Note that the different
geometries in Figure 5-12(c) and (d) are mainly due to the different sphere sizes, resulting in
the dramatic change of the scattered light distributions, which is characteristic of Mie scattering.

These structures may find applications in resonant photonic structures.

More complicated structures can potentially be enabled by additional illuminations.
However, the number of exposures is limited by contrast degradation, which can lead to
structure collapse. This is a result of the background intensity that exists during each exposure.
The reduction in exposure contrast also led to rougher surface morphology, which can be
readily observed in structures fabricated using triple and quadruple exposures. Other fabricated
structures using triple and quadruple exposures can be found in Figure 5-13. Any sequential

exposure beyond is expected to result in poor exposure.
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Side-View Top-View

500 nm

Figure 5-12. Micrographs of nanostructures fabricated under (a,b) triple and (c¢,d) quadruple
symmetric exposures at incident angle 6. Side and top views of the nanostructures fabricated at (a) 6
=45°, D =500 nm, exposure dose of 120 mJ cm? under TM exposures; (b) 8 =45°, D =500 nm,
exposure dose of 138 mJ cm™ under TE exposures; (c) 8 = 50°, D = 390 nm, exposure dose of 110 mJ
cm? under TM exposures; (d) @ = 45°, D = 500 nm, exposure dose of 115 mJ cm™ under TM
exposures.
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Figure 5-13. Micrographs of fabricated structures using various triple and quadruple exposure
configurations. (a) Side and top views of the nanostructures fabricated using symmetric triple TE
exposures with D = 390 nm, 6 = 50°, exposure dosage 138 mJ/cm?; (b) Top view of fabricated
structures using asymmetric triple TM exposures with D = 500 nm, § = 50°, exposure dosage 120
mJ/cm?® and azimuth angles of 90°, 135° and 135°; (c) Top view of fabricated structures using
asymmetric triple TM exposures with D = 390 nm, & = 50°, exposure dosage 105 mJ/cm” and azimuth
angles of 60°, 150° and 150°. Top views of fabricated structures using symmetric quadruple TM
exposures with (d) D = 390 nm, 0 = 45°, exposure dosage 120 mJ/cm?; (e) D = 760 nm, 0 = 45°,
exposure dosage 110 mJ/cm?.,
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In the experiments, the exposures are applied sequentially so that the resultant structures are
from the incoherent energy summations of the multiple scattering patterns. The particle
diameters were selected to be near the illumination wavelength of 325 nm to generate complex
intensity patterns in the Mie scattering regime. Much larger and smaller particles can also be
illuminated using light with corresponding wavelengths to obtain scaled versions of the
demonstrated structures. Thus, there are many possible combinations of these configurable

parameters, and the demonstrated structures are a limited subset of the proposed technique.

Interference effects using lasers can be exploited using simultaneous multiple-beam
exposures that are mutually coherent. The coherent multiple illuminations are also expected to
prevent contrast degradation, a limiting factor in incoherence multiple exposures. As
preliminary demonstrations, different particle sizes were exposed using Lloyd’s mirror
interference lithography under various incident angles, and the results are shown in Figure 5-
14. In Figure 5-14(a-c), 500 nm period and 1 pm diameter particles were used and incident
angle is 18.97°. The top view in Figure 5-14(a) shows two chambers that are created by two
laser beams; it also depicts the alignment between nanospheres and the background grating
lines caused by the location of the nanospheres before exposure, which serve as a reference
grid to visualize relative phase. Cross-section views of the fabricated double-chamber
structures are shown in Figure 5-14(b) and (c). More complicated structures can be fabricated
by changing particle sizes and incident angels. In Figure 5-14(d) and (e), both structures were
fabricated using 2 um diameter particles with period of 2 um (incident angle of 4.66°). Due to
the larger particle size, the light scattering pattern causes the wavy effects around the chambers.

Fabrication result using 500 pm period and 2 pm diameter particles is shown in Figure 5-14(f),
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different shapes of chambers are achieved by only increasing the incident angle, compared
with Figure 5-14(d) and (e). The multiple exposure configurations can also be further adjusted,
such as varying sequential exposure doses, polarizations and incident angles of the individual
exposures to further induce asymmetry. Much experimental and simulation work need to be
conducted to examine the fabrication capabilities of this technique. The fabricated

nanostructures may find applications in drug delivery and nanofluidics.

500 nm

s

Lo e

Figure 5-14. Scanning electron microscope (SEM) images of fabricated 3D nanostructures with (a-c)
500 nm period, and 1 um particle in top view, cross-section views along and perpendicular with
grating lines, respectively. (d-e) Top views of fabricated structures with 2 um period and 2 pm

particle, and (f) 500 nm period and 2 um particle.
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5.6  Fabrication of Arrays and Anisotropic Wetting Properties

The fabrication of slanted nanostructure in a periodic array was investigated to examine its
macroscopic material properties. In this process, close-packed polystyrene microsphere arrays
were reduced into non-close-packed hexagonal lattice using isotropic oxygen plasma etching,
as described in the last chapter [92]. Upon 325 nm TM-polarized illumination at incident angles
of 30° and 60°, two slanted nanostructure arrays were fabricated, as shown in Figure 5-15. Only
the first shell exists for both cases while the second shell collapses due to the interference effect
between neighboring scattering patterns. It is important that the spacing between the particles
must be sufficiently large so that the scattering patterns from adjacent spheres do not overlap,
which can otherwise result in structures with porous side walls. The structure spacing can also
be increased using larger spheres; however this requires longer etching which can result in
non-spherical particles for illumination. The structure array was fabricated over an area of ~15

mm?, and structure collapse due to particle assembly defects can be observed.
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Figure 5-15. Micrographs of slanted nanostructure arrays fabricated using TM-polarized 325 nm
illumination and 2 pm diameter original PS spheres. The structures were exposed at (a) 8 = 30° with
dose of 135 mJ cm™ and (b) 6 = 60° with dose of 190 mJ cm™.
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Wetting properties of the slanted 3D nanostructure arrays were tested by measuring static
contact angles in different directions to examine anisotropic effects. The photoresist structures
were not subjected to any surface treatment processes prior to testing. The static contact angles
of the nanostructured surface along different axes were measured using a goniometer (Ramé-
Hart Instrument Co., Model 200-F1) using 2 pL deionized water droplets, as illustrated in
Figure 5-16. The structures are tilted in the negative x direction and have mirror symmetry in
the y direction. The droplet has an elliptical shape with long axis along x direction and short
axis along y direction. The left and right contact angles along the x axis are 71.3°+1.0° and
76.7°1.3°, respectively, showing a difference of 5.4°. A similar contact angle difference can
be observed when the sample is rotated 180°. Along the y axis, the left and right contact angles
are similar at 96.7°t1.8° and 96.0°+1.7°, respectively, which is roughly 20° more than the
wetting angles along the x axis. The slanted geometry are believed to induce the slight 1D
unidirectional wetting along the x axis, and the larger 2D anisotropy between the two x and y
axis. More pronounced wetting anisotropy is expected by further structure design and surface

treatment.
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Figure 5-16. Anisotropic wetting tests using asymmetric slanted 3D nanostructure array fabricated
with 325 nm 60° TM illuminations. The structures are slanted to the negative x direction. (a) Left and
right contact angle measurements along x axis, the asymmetric direction. (b) Contact angle
measurements along y axis, the symmetric direction.

The original contact angle data for Figure 5-16 is listed in Table 5-1. A total of eight sets of
measurements were conducted along x and y directions for left (L) and right (R) contact angles
of a 2 uL DI water droplet on the structures shown in the diagrams. The measurement along
the x axis was rotated 180°, and the flipped asymmetric wetting can be observed with similar
angle difference. This set of data, however, has higher standard deviation during measurement.
The slanted 3D nanostructure arrays can also have potential applications in drug delivery and

nanoscale inkjet printing [25]-[27], [100]-[105].
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Table 5-1. Original Contact Angle Data

o e @, 8@ .
LR Oy L& J_,J;j y 11y

Diagrams ._ L_,-" ._ L,
[eft ——X Right Left ==——x Right Lefi ——¥ Right

Asyrmelry Asyvmmelry Symmetry

Test # L[] R[] L[] RT] L[] R[]

1 71.3 76.5 79.8 75.6 97.8 97.6

2 71.4 74.7 77.2 74.9 93.6 97.1

3 72.8 76.9 81.0 78.7 96.7 97.4

4 71.5 77.0 83.1 78.6 98.3 95.8

5 69.8 75.2 77.9 73.5 96.0 97.1

6 69.9 76.9 74.0 69.1 97.4 95.4

7 72.1 77.0 79.8 76.2 98.9 95.0

8 71.3 79.1 82.4 75.7 95.0 92.7

Mean 71.3 76.7 79.4 75.3 96.7 96.0

Std 1.0 1.3 3.0 3.1 1.8 1.7
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5.7 Summary

In this work, I have demonstrated the fabrication of asymmetric 3D hollow nanostructures
using multiple oblique light illuminations on individual colloidal elements. The proposed
method is based on particle-light interactions in close proximity, and does not require complex
setup such as precision optics, lasers, and other hardware. The oblique illumination approach
introduces more parameters to harness the light scattering intensity patterns, which can be
controlled by tuning the particle sizes, incident angles, polarizations, and exposure
configurations. Sidewall and center hole angles can be designed with good agreements between
experimental data and theoretical models. Multiple illuminations can also be employed to
overlay the scattering profile, resulting in more complex symmetries. Additional illumination
configurations, such as exposure wavelength and coherence illumination can be included to
further tailor the fabricated geometry. The slanted structures can also be fabricated in an
ordered periodic array, which can find applications in nanoneedles for nanomaterial delivery,

nanonozzles for nanoink printing, and engineered surfaces with anisotropic wetting properties.
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CHAPTER 6
AIR-LIKE NANOLATTICE MATERIALS
The previous chapters are focused mainly on the 3D nanolithography techniques harnessing
light scattering from colloidal particles. Now in this chapter, I would like to apply the
demonstrated nanofabrication techniques to achieve novel nanostructured materials. In
particular, a new class of nanostructured materials with near-unity refractive index and robust
mechanical stability will be introduced and optical characterizations of the materials are

presented.

6.1 Background

Material refractive index is one of the most fundamental quantities in optics and strongly
affects light-matter interactions. Beyond bulk material effects, the contrast of refractive indices
between two materials is an essential factor in determining the performance of photonic
structures and devices. For example, high index contrast is crucial to achieve wide photonic
band gaps in photonic crystals [106]. In distributed Bragg reflectors, index contrast is directly
related to the operating bandwidth and penetration depth [107]. Symmetric low-index
claddings can help reduce loss in planar waveguides [108]. However, the lowest index in
naturally occurring solid materials is found in MgF2 (n=1.37), and an index gap exists between
that and air (n = 1), as shown in Figure 6-1. Air-bridge type structures using free space as the
low-index medium have been demonstrated, but free-standing structures exhibit lower
mechanical stability [109]. In addition, the ability to achieve arbitrary refractive index profile

is also important in applications such as gradient-index devices and antireflection coatings
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[13], [110]-[112]. There is much research interest for mechanically stable artificial materials

with arbitrary low indices to completely fill the index gap.
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Figure 6-1. Refractive index gap for naturally occurring materials [110].

An effective method to lower the material’s effective refractive index is to introduce air
voids and make the material porous, which can be achieved using various mechanisms.
Oblique deposition is an effective technique and has demonstrated random slanted nanorods
with low index, achieving a porous SiO: thin film with n = 1.05, as shown in Figure 6-2(a)
[111], [113], [114]. Such processes can also be used to create step-wise index profiles for
broadband gradient-index antireflection coatings, as shown in Figure 6-2(b) [111]. Other

approaches adopt bottom-up techniques, such as sol-gel process for silica aerogel films (n =
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1.049) [115], demixing of PMMA and PS mixtures (n = 1.05) [116], and chemical vapor
deposition of carbon nanotube (CNT) arrays (n = 1.026) [117]. These techniques can fill up
the aforementioned index gap, and materials with low index have been demonstrated. However,
the low-index materials achieved so far have been limited to random structures, resulting in
reduced mechanical stability [118]. Random order can also lead to high optical scattering,
resulting in the translucent appearance commonly observed in silica aerogels, as shown in
Figure 6-3 [119]. It can also be difficult to control the nanostructure geometry, limiting precise
index design. In addition, many of these materials also have high absorption, which makes
them unsuitable for photonic applications [116], [117]. In electronics applications, low-k
dielectrics also require high porosity and mechanical stability, however, only random porous

low-k materials have been demonstrated [118], [120], [121].
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Figure 6-2. (a) Glancing angle deposition for low-index materials [114]. (b) Gradient index
antireflection coating with multiple glancing angle depositions [111].
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Figure 6-3. Aerogel.

Periodic order in porous and cellular structures is desirable when it comes to enhancing
mechanical stability at low density. Recent research has demonstrated that mechanical stiffness
and yield strength scale more favorably at low densities when the porous structure has periodic
as opposed to random architectures [122]-[125]. Periodic order can also reduce optical
scattering, enhance transmission, and enable precise geometry control, leading to the rational
design of refractive index. In recent years various three-dimensional (3D) nanolithography
techniques, such as interference lithography [38], multi-photon lithography [37], phase-shift
lithography [42], and colloidal phase lithography [60], [96], [126], have been developed to
fabricate ordered porous nanostructures. However, such structures typically have relatively
high solid volume fraction near 50%, and require additional processes to reduce material

density.
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Here I will describe an alternative class of 3D periodic nanolattice materials where their
refractive indices can be tuned within the air-gap index range. Using a combination of 3D
nanolithography and atomic layer deposition (ALD), the structure geometry and material
composition can be controlled to design the material’s effective index. In this approach the
nanolattice period and unit-cell geometry can be designed by lithography with nanometer-level
precision [60], while the shell thickness can be controlled by ALD with sub-nanometer
accuracy. Compared to random pore arrangements, periodic architecture has improved
mechanical stability and reduced light scattering. The periodic geometry can also be accurately
designed and modeled using developed analytical and numerical models. Refractive index as
low as 1.025 was achieved using Al2O3 (bulk index ~ 1.65) over the visible and near-infrared
wavelength range. The fabricated structure has an index smaller than the existing lowest index
material (n ~ 1.05) [111], [113]-[116], while simultaneously have higher mechanical
robustness, lower scattering, and high transparency. Low-density CNT forest have
demonstrated indices in the same range (n = 1.026), however they have high absorption and
are therefore not suitable for certain photonics applications. Higher refractive indices can also
be designed by controlling geometry and material composition to completely fill the air-gap
index range. The use of ALD on lithographically patterned porous microstructures has been
demonstrated as lightweight lattice materials with enhanced mechanical properties [124], [125],

and here we demonstrate it can also be employed to design ultra-low index materials.
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6.2 Effective Medium Theory

To better understand the optical interactions with 3D nanostructured materials, it is important
to establish a theoretical modelling tool. The key is to relate the nanostructure material,
porosity, and unit-cell geometry to the resulting refractive index. The effective medium theory
is used to calculate the effective optical properties of a composite material composed of two
or more phases. It is often used as a data analysis method in ellipsometry to determine the
complex refractive indices of composite materials and the volume fraction of each material
phase. Furthermore, surface roughness can also be determined by effective medium

approximation [127].

Four types of effective medium approximations are usually used to characterize composite
materials, depending on the grade of approximation and the value of volume fraction. Effective
medium approximations of two-phase composite materials are the focus of this introductory

section to relate to my current work.

For first-order approximations, the two phases are considered to be arranged either in series
or in parallel when interacting with light, resulting in the rule of mixtures and the inverse rule

of mixtures, respectively. The rule of mixture is expressed as,

&€= faga + fbgb

where ¢ is the effective dielectric constant of a two-phase composite, €. and ¢» are the bulk
dielectric constants of phase a and phase b, respectively, and fz and f» are the volume fractions

of the two phases with f; + f» = 1. The rule of mixture is a weighted average of the two phases
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and is analogous to two resistors in series. The inverse rule of mixture is analogous to two

resistors in parallel, and is expressed as,

el = faEEI '*‘fb‘gb_1

The rule of mixtures and inverse rule of mixtures can determine the upper and the lower bounds
for the achievable dielectric constants for a composite material, which will be used later in this
chapter. In addition, they can be easily extended to multiple material systems by weighted
average. However, the linear approximations often fail to describe the optical material

properties accurately and higher-order approximations are needed.

For high-order approximations, the frequently-used models are the Maxwell Garnett (MG)
model and the Bruggeman model. Note that the MG model is often mistakenly regarded as the
work of the well-known Scottish scientist, James Clerk Maxwell (1831-1879), who formulated
the Maxwell’s equations, and an unknown person named Garnett. But it is actually the work
of James Clerk Maxwell Garnett (1880-1958), an English educationist, barrister, and peace
campaigner [128]. His original paper was published in 1904 with a title of B.A., Trinity College
at Cambridge, which matches his biography on Wikipedia [128], [129]. Moreover, from the
publication year, there is no reason that the well-known J. C. Maxwell could publish the paper

25 years after he passed away.

The MG model is expressed as,

£— g, & — &4
—(1-f)2L &
£+ 2¢, ( fa)sb+2£a
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where ¢4 1s the hosting medium for a two-phase composite and the symbol definitions are the
same as before. The MG model assumes a structure in which phase b is surrounded by phase
a. This model is valid for systems in which the volume fraction of phase a is far larger than the
volume fraction of phase b, so the MG model is suitable for the analysis of the air-like

nanolattice materials later in this chapter [130].
The Bruggeman model is suitable for porous materials with comparable volume fractions
between constituent phases and is given by the following equation,

Eq— €
&q + 2

& — €&

=0
&p + 2¢

fa + (l_fa)

This model can be easily extended to describe a material with multiple phases,

n

z Ei—E_O
fiel-+2$_

=1

where f; and ¢; are the volume fraction and the dielectric constant of the ith phase, respectively.

Besides the different volume fraction regimes where MG and Bruggeman models are
applied, there are other differences between these two models. MG model is a linear equation
while Bruggeman model is a second-order equation, resulting in two solutions. Extra
information is needed to choose the reasonable solution from Bruggeman model. MG model
is not symmetric when two phases are interchanged and is not suitable for analyzing multiple

phases, while Bruggeman model is symmetric and can be used for multiple phases.
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6.3  Fabrication Strategy

The proposed fabrication process is depicted in Figure 6-4, where a periodic 3D photoresist
template is first patterned using nanosphere phase lithography [60]. Note that other 3D
nanolithography techniques [37], [38], [42] can also be used to define the 3D template.
Conformal thin films of various material compositions were then deposited on the template
surface using ALD. In this work, ZnO and Al.O3 were selected to fabricate the low-index
nanolattice materials for high optical transmission and mechanical stiffness. The polymer core
was then removed by a combination of solvent dissolution, thermal treatment, and plasma
cleaning, leaving a nanolattice material consisting of periodic thin-shell structures. The
nanolattice material volume fraction was controlled by the remaining shell thickness, which
can be used to design the material’s effective index. This film is then treated as a homogeneous

thin film for optical characterization. The detailed fabrication process is described below.
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Figure 6-4. Fabrication process of low-index nanolattice materials with periodic order. (a) A 3D
polymer template is defined by nanolithography using colloidal particles. Antireflection coating
(ARC) is applied to reduce back reflection. (b) A conformal coating on the 3D template is achieved
by atomic layer deposition with sub-nanometer thickness precision. (¢) Polymer template cores are
removed, leaving a 3D porous low-index material.
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In all experiments, the polymer template was fabricated using positive photoresist
(Sumitomo PFi88A7). An antireflection layer (ARC i-CON-16, Brewer Science, Inc.) was
used under the resist to reduce back reflection. Silicon and glass substrates were used for
refractive index and transmission measurements, respectively. A HeCd laser with 325 nm
wavelength was used for exposure to make photoresist template. Close-packed monolayers of
polystyrene nanospheres with diameters of 390 nm (1% particle size standard, Bangs
Laboratories, Inc.) and 500 nm (2.5% Polybead Non-functionalized Microspheres,
Polysciences, Inc.) were used as phase masks. Lattice B geometry is referred to the nanolattice

materials fabricated from 390 nm spheres.

Photoresist nanostructure templates were subsequently coated with ZnO or Al2O3 using
atomic layer deposition (ALD) in a custom made viscous-flow, hot-walled, vacuum reactor
described previously [131]-[133]. ALD consists of two, self-limiting half reactions that
produce a conformal thin film on samples of interest. Supplies were purchased commercially
and used as received. The reactor was purged with high purity nitrogen gas (Machine &
Welding Supply Co) that was further purified with an Entegris GateKeeper.
Trimethylaluminum (TMA, Strem Chemicals, min 98% pure) was used as a precursor and co-
reacted with deionized water to deposit Al2O3. The ALD recipe used for these experiments was
1/30/1/60 (TMA dose/nitrogen purge/water dose/nitrogen purge, in seconds) with a typical
growth rate of 1.1 A per cycle. The reactor was kept around 550 mTorr at 90 °C. Diethyl zinc
(DEZ, Strem Chemicals, min 98% pure) was used as the metal-containing precursor for ZnO.
DEZ/Water ALD cycles were used for ZnO deposition with growth rate of about 1.6 A per

cycle. In both cases, silicon substrates (University Wafers, P-type, <100>) were placed in the
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front and back of the reactor chamber as monitors for film growth and film thickness was

determined using an a-SE ellipsometer (J.A. Woollam Co., Inc).

The polymer template was removed by combinations of thermal treatment using a furnace
(Vulcan 3-130 100-120V, DENTSPLY), solvent dissolution using N-Methyl-2-pyrrolidone
(NMP), and isotropic oxygen plasma etching (March Instrument PM-600). For thermal
treatments, samples were placed in the furnace at room temperature and the temperature was
increased to 550 °C, with a ramp rate of 0.3 C/min. The temperature was maintained at 550
°C for 30 minutes to ensure that both the photoresist template and the underlying ARC layer
were burned off. The thermal method was used for nanolattice materials with shell thicknesses
larger than 10 nm without systematic collapse. For shell thicknesses less than 10 nm of Al2O3,
the sample was immersed in NMP for 48 hours to dissolve the photoresist template. The ARC
layer was then removed using the thermal treatment described earlier. Oxygen plasma
treatments can also be used for thinner-shelled samples to remove photoresist cores. The
samples were etched under 300 W power, 600 mTorr pressure and 80 sccm flow rate for about

9 hours.
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6.4 Fabrication Results

Fabricated 3D nanolattices are shown in the scanning electron microscope (SEM) images in
Figure 6-5. Cross-sectional and top-view SEM micrographs of nanolattices with 6.0 nm Al20O3
shells are shown in Figure 6-5(a)-(b) and Figure 6-5(c), respectively. Similarly, nanolattices
with 19.0 nm thick Al2O3 are shown in Figure 6-5(d)-(e). For both samples, the photoresist
templates were fabricated using 325 nm wavelength exposure on a monolayer of close-packed
array of polystyrene spheres with diameter D = 500 nm. The geometry features a periodic array
of tubular nanostructures and secondary shell structures in between. The ordered arrangement
of tubular structures can enhance mechanical stiffness, and the 15.0 nm-shell A12O3 nanolattice
sample with 16.74% solid fraction has achieved a stiffness of ~ 7 GPa. Such stiffness would
require twice the volume fraction in porous Al2O3 aerogel with random architecture [134].
Different pore arrangements and solid volume fractions can be readily achieved by altering
particle diameters and lithography exposure parameters [60]. As shown in Figure 6-5(f)-(g),
another polymer core was fabricated using 325 nm wavelength illumination and 390 nm
diameter polystyrene spheres. The resultant nanolattices have shorter tubular geometry and
more complex periodic structures, denoted as Lattice B. The shell material is ZnO with a 31.8
nm thickness. More samples were fabricated to investigate the index design, as shown in Figure

6-6.

The current fabrication process may pose some limitations. First, the total film height is
limited by the photoresist used. In this work, Sumitomo positive photoresist is applied and the

thickness is restricted to about 1 um. Photoresist with high viscosity may be used to fabricate
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the polymer template with larger height, such as SUS. Second, the period and the diameter of
the holes are defined by the exposure wavelength and particle size. Although the process is
scalable, it could be expensive to use short wavelength light sources, such as in the deep
ultraviolet (DUV) regime. Finally, it was found difficult to fabricate nanolattice materials with
shell thickness smaller than 2 nm since the template removal processes will damage the
structural integrity to cause total structural collapse. “Milder” processes for polymer template

removal need to be investigated.
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6.0 nm

Figure 6-5. Scanning electron micrographs of various low-index nanolattice materials. (a-c) Cross-
section and top views of low-index materials with 6.0 nm thick Al>O; shells. Geometry was defined
using 500 nm polystyrene spheres and 325 nm wavelength laser. (d-e) Cross sections of low-index
materials have the same template geometry with 19.0 nm Al;O3 shell thickness. (f-g) Cross sections
of low-index materials with 31.8 nm thick ZnO shells. The geometry (Lattice B) is different,
fabricated using 390 nm polystyrene spheres and 325 nm wavelength laser. Scale bars represent 1 pum
in (a), (d) and (g), and 500 nm in (b), (c), (e) and (f).
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Figure 6-6. Scanning electron micrographs of nanolattice materials with Al,Os shell thicknesses of (a)
2.1 nm; (b) 4.0 nm; (¢) 9.2 nm; (d) 16.3 nm and ZnO shell thicknesses of (e) 21.3 nm; (f) 31.5 nm.
Scale bars: 1 um.
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6.5 Numerical Model and Solid Fraction Calculation

The three-dimensional (3D) polymer templates were fabricated using colloidal particles as
phase mask, which can be accurately modeled using finite difference time domain (FDTD)
method and binary resist model, as described in Chapter 4 and 5. The 3D intensity pattern was
calculated from MEEP, an open-source FDTD simulation software. Then high intensity points
were removed by setting a threshold intensity which is experimentally calibrated by comparing
the top hole diameter with the fabricated structures. The surface area of the 3D templates, as
in Figure 6-7(b), can be numerically extracted, as denoted by S. Note that in Figure 6-7(b), the
surface area in dark green is not considered since it is the cross sectional area. For coating
thickness ¢, the volume of the coating material is S-¢. Given the volume of the unit cell is V, the
theoretical solid volume fraction is S#/V. However, thickness shrinkage of the film was often
observed after thermal treatment, causing an increase in solid volume fraction. A shrinkage
factor, a, was calculated as the ratio between the film thicknesses after and before thermal

treatment. Thus the estimated solid volume fraction is,
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where a is typically between 0.8 to 1. This equation enables the prediction of the solid volume

fraction of the fabricated nanolattice materials.

129



FDTD Binary Resist Model

NN

as o

s

Figure 6-7. (a) One cross section of the 3D intensity pattern created by nanosphere arrays and UV
illumination. (b) Structure prediction using binary resist model. A unit cell is shown.
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6.6 Ellipsometry Measurements and Fitting Strategies

Spectroscopic ellipsometry is nondestructive and has high accuracy, and was used to measure
the optical refractive index and material dispersion of the fabricated hollow nanolattice
materials. Measurements were taken at multiple angles from 30° to 75° to determine angle
effects and material anisotropy. More details on angle effects can be found in the next section.
The reported data was chosen from the 70° measurements due to low fitting error and high
measurement accuracy. The porous nanolattice film was modeled using the one-pole
Sellmeier-type dispersion equation using a nanolattice/SiO2/Si stack, as shown in Figure 6-8.
The thin oxide layer was added to account for surface oxide or polymer residual during thermal

cycle to remove polymer template. The one-pole Sellmeier equation is expressed as,

n(E)? =A+ 752
1

where 4 and B are fitted constants, £ is photon energy, and E; is a material constant.

In the Sellmeier model, E; was set as 10.19 eV for Al2O3 and 3.26 eV for ZnO. Film
thicknesses for nanolattice and SiO2, 4 and B are fitting parameters. The model fitting and
measurement data are shown in Figure 6-8 for three representative samples. The fitting mean
square errors (MSE) are 13.42, 9.475 and 12.96 for 2.1 nm, 9.2 nm and 19.0 nm ALD Al20O3

nanolattices, respectively, and are representative of other fitting results.
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Figure 6-8. Ellipsometry measurement data with model fitting using Sellmeier-type material
dispersion and three-layer optical model.

6.7  Refractive Index Characterization and Modellings

The broadband optical index of various Al203 and ZnO nanolattice materials are plotted in
Figure 6-9(a) and (b), respectively. All samples were measured using spectroscopic
ellipsometry with Sellmeier model fitting. The parameters in ellipsometry fitting are shown in
Table 6-1. The indices of air and the film materials are also plotted as references. The lowest
index demonstrated is 1.025 for the Al2O3 nanolattices with 2.1 nm thick shells (solid fraction
f=2.63%), as shown in Figure 6-9(a), compared with n ~ 1.65 for bulk Al2Os. The refractive
index increases with increasing shell thickness as expected, and the material dispersion
becomes more pronounced. For lower shell thickness values, the index is nearly constant, as
exemplified by the 2.1 nm and 6.0 nm samples. The colored regions in Figure 6-9 indicate the
predicted upper and lower bounds for the 19.0 nm Al2O3 and 21.3 nm ZnO nanolattices,

respectively, as governed by the rules of mixtures described in Section 6.2. The solid volume
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fractions for these Al2O3 samples range from 2.63% to 21.97%, and the index is tuned from
1.025 to 1.111 at 633 nm wavelength. The same methodology is applied to the ZnO samples
with volume fractions from 27.41% to 36.75%, as shown in Figure 6-9(b), tuning the index
from 1.216 to 1.343 at 633 nm wavelength. The ZnO samples generally have thicker shells
compared to Al2O3 samples, since the polycrystalline ZnO film becomes porous at low
thickness and is more susceptible to crack formation. In addition to thicker shells, ZnO also
has a higher bulk index, which leads to higher index values for ZnO nanolattice samples. The
index variation for different unit-cell lattices can be attributed to varying surface areas, which
results in different volume fractions, as indicated by the sample with Lattice B geometry. The
material difference in the nanolattices facilitates continuous index variation from 1.025 to

1.360, which fills the index gap for naturally occurring solid materials.
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Figure 6-9. Measured broadband refractive indices for various nanolattices with different material
composition and shell thicknesses. (a) Index of Al,O3 samples with different thicknesses. Colored
region shows the index bounds for 19.0 nm lattice using first-order effective medium approximation.
(b) Index of ZnO samples with different thicknesses. Colored region shows the index bounds for 21.3
nm lattice using first-order effective medium approximation.
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Table 6-1. Parameters from ellipsometry fitting

Samples A B Thickness/nm  SiO2 thickness/nm MSE Ei/eV

2.1 nm-shell ALO3 1.0499 0 802.6 1.6 13.42 10.19
4.0 nm-shell ALO3 0.87951 17.686 1094.8 9.8 28.37 10.19
6.1 nm-shell ALO3 0.86925 21.548 1021.9 8.1 11.59 10.19
9.2 nm-shell ALO3 0.76563  38.223 904.9 16.2 9.475 10.19
16.3 nm-shell AL2O; 0.67240 53.017 990.8 10.2 6.403 10.19
19.0 nm-shell AL2O; 0.59377  64.106 886.0 15.8 12.96  10.19
21.3 nm-shell ZnO 1.1684  2.1086 796.1 10.0 6.214  3.26
31.5 nm-shell ZnO 1.2681  3.6321 878.0 10.0 17.65  3.26
31.8 nm-shell ZnO LB 1.2527  2.7434 919.5 14.0 7.418  3.26

The nanolattice materials also exhibit slight material anisotropy. As previously mentioned,
the nanolattices were measured from 30° to 75" incidence to determine angle dependence on
index and material dispersion. Since the fabricated material is not homogeneous, some material
anisotropy is expected. As shown in Figure 6-10, the index curves for different incident angles
for nanolattice materials with 9.2 nm ALD Al2Os shells are plotted to serve as an example. The
material dispersion generally increases with increasing incident angle between 750 nm and
2000 nm wavelengths, except for the 75° case. I chose to report data from 70° measurements
since ellipsometry has high measurement accuracy at higher angles, and the reported index is
also higher to represent a more conservative estimate. Although measurements and fitting
could also be performed for low angle incidence, the A/¥ data from ellipsometry has low
variations over the spectrum, indicating low measurement sensitivity. Therefore, the indices
measured at low incident angles are not as accurate as higher incident angles. However, the
index differences for large incident angles can indicate slight anisotropy of the nanolattices
due to the different lattice periods in the axial and longitudinal directions. This slight

anisotropic effect could be reduced using other types of periodic structures with smaller pores
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and cubic lattice geometry. The material anisotropy was also more pronounced for thicker
ALD coatings. The scanning electron micrograph of a nanolattice with 58.0 nm ZnO ALD
coating is shown in Figure 6-11. The tubular structures can evidently induce anisotropic effects.
In this case, ellipsometry measurements and fitting by assuming isotropic films are no longer

valid. More advanced ellipsometry techniques should be used, which is currently under

investigation.
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Figure 6-10. Angle dependence of nanolattice dispersions.
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Figure 6-11. Nanolattices with 58.0 nm ZnO ALD coating.

It is crucial to have the ability to predict the index value for a given nanolattice and enable
the inverse design of geometry for a target index. For all the fabricated samples in this work,
the MG effective media model can be used to relate solid volume fraction with the material
properties [129], [130], [135]. The MG equation for non-magnetic dielectric materials can be
rearranged as,

nier—1
noer+2 _

nz —1
nZ, +2

where n, s is the effective index of the nanolattice material, n,, is the index of the constituent

nZ,—1

>—) as a unitless
Nm+2

Z -1
material, and f is the solid volume fraction. Setting f = (%) /(

parameter normalized to the shell material, a simple linear relationship to volume fraction can
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be found, § = f. For the convenience of discussion, I chose the index values at 633 nm
wavelength for all samples and plotted them with the MG model, as shown in Figure 6-12, but
this relationship holds for all wavelengths. The data fits the analytical model well, indicating
a linear relationship between the normalized indices and volume fraction. Note that MG model
is not suitable for binary mixtures with comparable volume fractions [130], therefore our
analysis is limited to 40% solid volume fraction. This simple effective media model serves as
a convenient guide for the index prediction and lattice geometry/material design. For example
one may calculate the desired volume fraction given a constituent material and a target index,
which can then be achieved using the proposed nanolithography and ALD processes. Note that
the design and prediction capabilities are enabled by the precise geometry and material control

demonstrated in this work.
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Figure 6-12. Normalized material property, f, versus solid volume fraction, f. The analytical model
plotted is based on Maxwell Garnett effective medium theory. The experimental data are indices at
633 nm wavelength for all the samples.
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6.8 Scattering Characteristics

Beyond effective index design and mechanical robustness, another advantage of ordered
nanostructures is low light scattering, which is a crucial requirement for high-quality optical
films. For random architectures such as aerogels in Figure 6-3, the materials appear blue and
hazy due to Rayleigh scattering by the small random pores. Such hazy materials are not suitable
for photonics applications such as in photonic crystals. The specular and diffused scattering
transmissions of the nanolattice materials were characterized using a spectrophotometer with
an integrating sphere and the angular scattering profile was measured using a custom-built
setup shown in Figure 6-13, where nanolattice materials on glass substrate is fixed at normal
incidence and the photodetector sits on a suspended arm connected to a rotation stage to scan

the angular scattering profile.

Figure 6-13. Angular measurement setup for characterizing angular scattering profile.
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The scattering measurement results are depicted in Figure 6-14(a). The transmission of glass
is included as a reference. The nanolattice materials with 15.2 nm and 20.3 nm shells on glass
samples show slight thin-film interference effects, which leads to enhanced transmission in
certain wavelength ranges. The scattering of the nanolattice material is generally low in the

visible and near-infrared range but peaks to around 6% at around 320 nm wavelength.
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Figure 6-14. (a) Specular transmission and light scattering properties of the fabricated low-index
nanolattice materials. The specular transmission of glass is plotted for comparison. (b) Photographs of
fabricated sample and bare glass. “NM” is the nanolattice material with 15.2 nm Al,Os; shells. A
tablet screen was used as a backlit background.

The major source of scattered light is diffraction due to the ordered honeycomb lattice
geometry, as observed in the diffraction ring shown in the inset of Figure 6-14. Here, the
sample was illuminated by a 325 nm wavelength laser. The circular diffraction pattern captured
on a fluorescent screen indicates a locally periodic structure lacking long-range order due to
assembly defects. The average lattice spacing can be determined from the ring radius, and is

calculated to be around 435 nm. This agrees well with the lithography configuration, where

the lattice period is given by A = D+/3/2. Such diffraction effects can be eliminated by further

139



reducing the nanolattice period, and is evident in the low scattering measured beyond 500 nm.
The diffraction effect can also be seen in the angular scattering profiles, as shown in the inset
diagram. Here it can be observed that for scattering at 325 nm wavelength a peak exists at
around 48°, corresponding to the diffraction ring radius, while the scattering at 633 nm
wavelength decreases monotonically. It is important to note that for both of these cases the
angular scattering profile is very different from Rayleigh scattering seen in random porous
materials, where scattering is independent of angle. Such angle-independent scattering leads
to hazy and translucent appearance, which is suppressed in the fabricated samples, as shown
in the photos of Figure 6-14(b). Here a nanolattice sample is placed next to a bare glass slide,
and both samples visually exhibit broadband clarity. Note at oblique observation angles the

nanolattice sample has a slight color due to thin-film interference effects.

Beyond diffraction effects, particle assembly defects during the lithography step can also
introduce lattice imperfection and contribute to scattering in the ultraviolet region. This can be
improved by using a perfectly periodic 3D template with long-range order or other
nanolithography approaches. In addition, structural collapse of the thin-shell nanolattice can
also result in local defects and induce scattering. This can be further reduced by better control
of processing conditions and uniformity. Note that while the materials used are limited to ZnO
and Al2O3, any materials that can be coated using ALD are compatible with this process. The

packaging and integration of these materials into photonic devices is currently under study.
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6.9 Integration of Nanolattice Materials

To test the performance of the integrated nanolattice materials, preliminary analysis in terms
of the film’s critical angle was performed using analytical and FDTD simulation methods. The
critical angle determines the incident angle where total internal reflection occurs, and has
potential applications in waveguides and integrated photonics. Demonstrating the existence of
critical angle using the nanolattice film will enable more efficient light guiding and lower
optical losses. To measure the critical angle, the nanolattice materials with low refractive
indices need to be sandwiched between two symmetric high-index media. In my analysis, the
high-index medium has an index of 1.4 while the nanolattice material to study has an effective
index of 1.1. The FDTD simulation setup and the simulated optical fields for incidence of 56.7°
at 633 nm wavelength are plotted in Figure 6-15(a) and (b), respectively. A sharp transition
from transmission to reflection can be observed, indicating the existence of a critical angle.
The simulation is in 2D and approximates the 3D nanolattice geometry into hollow
nanogratings with thin features. The period in the simulation is about 433 nm and is similar to
the fabricated nanolattice materials. The grating shell thickness was calculated using the MG
model to achieve the proper solid fraction for an effective index of 1.1 with Al2Os3 as the solid
material (n = 1.63). Such configuration will generate one reflected light ray, and two
transmission diffraction orders. The interference patterns are both evident in the two media

with weaker transmission.

When considering the nanolattice materials as a planar homogenous film without any

internal structures, the system can also be modeled using T-matrix method. In this model, the
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transmission and reflection of a multilayer system are related to the Fresnel transmission and
reflection coefficients at each interface. Details can be found in the book by Pochi Yeh [136].
The transmission of a three layer system (n = 1.4 | n = 1.1 | n = 1.4) at 633 nm wavelength is
plotted as the solid line with respect to the incident angle in Figure 6-15(c). FDTD simulation
results are plotted as red squares to compare with T-matrix results in Figure 6-15(c), and they
follow similar trend although FDTD results show a bit larger transmission compared with T-
matrix results. The arrowed data point in Figure 6-15(c) refers to the FDTD results in Figure
6-15(a) and (b). Simulation results show that the nanolattice material can perform similarly to
a homogeneous film with similar refractive index. Therefore, such nanolattice materials can
be potentially applied in photonic devices to behave as a low-index film as well as mechanical
support materials. Experiments using the fabricated low-index nanolattice will be performed

to validate these numerical and analytical models.
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Figure 6-15. (a) FDTD simulation setup for 56.7° incident angle. (b) A snapshot of the field
distributions from the FDTD simulation setup in (a). (¢) Transmission comparison between
homogeneous film (r» = 1.1) by T-matrix method and nanoaccordion structures (n.y=1.1) by FDTD
simulation. The arrow indicates the data from FDTD simulation in (a) and (b).
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With the above simulation results, there is a need to further investigate the integration and
packaging of the nanolattice materials. In multilayer photonic systems, films are often
spincoated, deposited or bonded on top of any preceding layers. The regular hole patterns in
the nanolattice materials are obviously obstacles for integration and packaging, since any
micromachining might alter the cellular architecture. Here I propose a method to cover the
holes for subsequent integration, and the process relies on a secondary deposition of a planar
film. The porous nanolattice materials were coated with a photoresist film using spincoating
method to cover the holes and achieve a planar surface. I tested the nanolattice materials with
15 nm Al2O3 and spincoated as-received Sumitomo photoresist at 2000 rpm. A 15 nm Al203
film was then deposited on the planarized photoresist surface using ALD, and the same thermal
treatment for fabricating nanolattice materials was performed to “burn” the photoresist. The
final results are shown in Figure 6-16, where a boundary between covered and uncovered areas
was identified, and the planar film covers conformably on the surface. Further tests on this
planarized nanolattice material are under investigation. Other deposition techniques other than
ALD can also be used, such as electron beam evaporation.
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Figure 6-16. Scanning electron microscope graphs showing the results of capping holes with
secondary deposition of 15 nm planar Al,O; film from atomic layer deposition.
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6.10 Summary

In summary, I have described a new class of low-index nanolattice materials consisting of
ordered thin-shelled structures that have a near-unity index. The refractive index can be
designed by controlling lattice geometry using nanolithography and selecting material
composition and thickness during ALD. The index can be varied within a wide range, n =1.025
to 1.360, to completely fill the index gap between naturally-occurring solid materials and air.
The experimental results were well-modeled using Maxwell Garnett effective medium theory,
which can be used to guide index design. Light scattering of the nanolattice materials are low
in the visible and near-infrared range, and the angle-dependent scattering profile results in a
reduced translucent appearance. Lower scattering in the UV range can be achieved by further
reducing the lattice period and minimizing structure defects. The developed low-index films
can find many applications in waveguides, resonators, photonic devices, and low-k dielectric

materials.
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CHAPTER 7
MAGNETICALLY TUNABLE NANOSTRUCTURES
Tunable structures are attractive as components for dynamic systems that can be reconfigured
in real time. In particular, tunable nanostructures can induce dynamic physical properties, such
as wetting, mechanical, and optical properties, in a fundamental way which traditional
macroscopic structures could not. We have learned these lessons from the brilliant designs of
nature. For example, the puzzling adaptive capabilities of the skin colors of chameleons have
recently been uncovered [137]. The dynamic color changes are indeed not from changes in
color pigments, but by tuning arranged periodic nanostructures forming photonic crystals. The
periods of the photonic crystals can be actively changed by the chameleon skin to alter the
reflection spectra and thus display different colors, as depicted in Figure 7-1. In these systems,
the photonic nanostructures are embedded in the skin and therefore are not directly interacting
with the surrounding environment. In another example shown in Figure 7-2, neon tetra changes
its skin color also by photonic crystal effect in one dimension [138]. The long, highly reflective
platelets within the scales are arranged in periodic orders and are allowed to rotate to change
the gaps in between neighboring platelets so as to modify the reflection spectra. These platelets
are surface structures and are able to interact with the environment. This can be hugely

attractive, and can inspire multiple functionalities in the engineering fields.
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Figure 7-2. Neon tetra color change by rotating platelets on the scales [138].
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There is much research interest about tunable micro/nanostructures to mimic the naturally
existing ones for different applications. In particular, magnetic actuation mechanisms are
widely studied for its ease of implementation and manipulation. Magnetically tunable
microstructures have previously been demonstrated for fluidic manipulations [139]-[142]. As
shown in Figure 7-3, periodic nickel microposts were fabricated on a soft substrate and
permanent magnet can be used to rotate the microposts to guide fluid spreading. Other work is
focused on fabricating soft microstructures with embedded magnetic 0D particles or 1D
nanowires for reversible dry adhesives [143], moisture harvesting [144], and cell
manipulations [145]. However, little effort has been put into fabricating and characterizing
tunable nanostructures with submicron periodicity. In addition, existing structures are based
mostly on composite polymer materials with embedded nanomaterials, where the magnetic
parameters can only be controlled by the species and volume fraction of the magnetic material.
Here, we propose a fabrication method for tunable periodic nanostructures where the
mechanical compliance and magnetic actuation can be independently controlled using standard

micromachining techniques and interference lithography.
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Figure 7-3. Magnetic micropillars for fluidic manipulations [142].

7.1  Venetian Blind Model for Color Tuning

The color tuning mechanism of neon tetra is modeled by the Venetian blind model [138], as
shown in Figure 7-4. The color-generating structures compose of high-aspect ratio metallic
reflecting platelets arranged in 1D grating with period 4. The platelets can rotate about the
structure base by the same angle, achieving using biomechanical processes. At zero rotation as
shown in Figure 7-4(a), the structures behave as a grating with period /4. Once the platelets are
actuated to rotate an angle 6 as shown in Figure 7-4(b), the structures can reflect light as a
Bragg reflector with period /4cosé in the orthogonal direction with the platelets side surface.
Maximum reflection occurs due to constructive interference between reflected light at various

interfaces. The peak wavelength, /,, in a Bragg reflector is given as,

Ap = 2Acos6. (7.1)
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From the above equation, two points can be noticed. First, the peak wavelength depends on the
rotation angle, which is the main reason for color tunability. Second, the structure period has
to be comparable to the visible wavelength of ~ 500 nm. Therefore, periodic nanostructures
are needed for tunable colors. Moreover, the structures need to have high surface reflectivity

and large height to induce high reflection and color brightness.

(a) (b)

Figure 7-4. Venetian blind model. (a) Zero rotation of reflecting platelets. (b) Reflecting platelets
undertake rotation of 8 and reflecting at peak wavelength .

7.2  Magnetic Actuation Mechanisms

There are two ways of actuating magnetic nanostructures: 1) by magnetic torque and 2) by
magnetic force, as shown in Figure 7-5. Most existing work utilizes the magnetic torque
induced by the anisotropy of the magnetic material and uniform magnetic fields. For
anisotropic magnetic materials, the magnetic moment, m, can be readily induced along the long
axis. This will lead to an angle offset between the magnetic moment and the magnetic field

directions. The magnetic field will exert magnetic torque on the anisotropic object to align the
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long axis with the magnetic field direction. The torque is defined by the cross product of the

magnetic moment and the magnetic field, given as,

T=mxB (7.2)

where m is the magnetic moment, B is the magnetic induction, and T is the magnetic torque.
If the anisotropic magnetic material is integrated with a soft nanopillar, the actuation of the
magnetic pillars can be achieved and many applications have been achieved using this
strategy, such as fluid manipulations [139]-[142], and reversible dry adhesives [143].
However, there are a number of limitations, namely, strong bulk permanent magnets are
required (typically rare-earth), and it is difficult to induce spatially varying actuations. Due
to large scale actuation, magnetic structures using magnetic torques often behave similar to

materials, and they are not practical for applications such as in display pixels.

As an alternative approach, magnetic field gradient can induce magnetic force, which can
be utilized to actuate nanostructures. No anisotropic magnetic materials are needed in this
approach, but a strong magnetic field gradient is required. The actuation mechanism is shown
in Figure 7-5(b), where an isotropic magnetic material is situated on a soft nanopillar in a

nonuniform magnetic field, and the magnetic force is given as,

F =V(m- B) (7.3)

In this work, the actuation using magnetic field gradient is being investigated to achieve
tunable nanostructures with dynamic physical properties. This actuation approach allows us to

achieve actuation under low magnetic fields. The magnetic gradient can be designed to be large
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enough for on-chip actuations. Such integrated tunable nanostructures allow programmable
physical properties, and can find exciting applications as reflective color display, thermal

management device, and dynamic wetting/adhesion surfaces.

(a) Magnetic Field (b) Magnetic Field Gradient

T=mXxXB F=V(m-B)

1

: B — magnetic flux density
| m — magnetic moment

I F - magnetic force

I T - magnetic torque

1
ol

Figure 7-5. Magnetic actuation mechanisms by (a) magnetic field and (b) magnetic field gradient.

The displacement of the magnetic nanopillars can be modelled using beam theory in solid
mechanics as a first-order approximation. It is necessary to identify important factors affecting
the actuation and to guide the fabrication of magnetic nanostructures. The problem is depicted
in Figure 7-6, where a soft cylindrical pillar is anchored on the substrate with Young’s modulus
E, diameter D and length /. The magnetic material is coated on the top of the soft pillar with
same diameter and height 4. The magnetic material has magnetization M, and undergoes a

distributed load w on the side due to magnetic force determined by (7.3). The magnetic material
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is assumed to be saturated and M is parallel with the magnetic field in the horizontal direction.

Under such conditions, the magnetic force from (7.3) can be rearranged as,

F = mVB (7.4)
and the distributated load is w = F/h.
VB
Magnetic T"’ i
Material l*' - |
P — h
Soft Pillar ' /

N | V

Figure 7-6. Solid mechanics model for a single magnetic nanopillar.

Using the beam theory in solid mechanics, the final expression for displacement u is given

as,
u="2-2h [6(%)2+4(%)2+9%%]-VB (7.5)

where M = mp and p is density of magnetic material. I will investigate isotropic magnetic
materials without geometric anisotropy, so the aspect ratio of the magnetic material, #/D = 1.

Further simplifications can be done in (7.5) and the following equation is the final result,
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M 4 1\2 l

Several factors affecting the displacement can be identified in (7.6): 1) material property
ratio M/E; 2) geometrical parameters including aspect ratio //D, and heights of both soft pillar
and magnetic material, 4 and /; 3) magnetic field gradient. The material property ratio needs to
be large to induce large displacement, which means the magnetization of magnetic material
should be large and Young’s modulus of soft material needs to be small. Large magnetization
is often found in ferromagnetic materials, such as nickel, cobalt, and iron while low-modulus
materials are polymers such as PDMS. The displacement is in linear relation with magnetic
field gradient, so ways to enlarge magnetic field gradient should be explored. The middle term
in (7.6) is purely related to structure geometry. The major design factor is readily identified to
be the aspect ratio of the soft pillar due to its second-order relation with displacement.
Therefore, more efforts need to be allocated in developing high-aspect ratio pillars, and the
fabrication process will be explored in latter parts of this chapter. In addition to aspect ratio,
the heights of both the soft pillar and magnetic material have to be large at the same time,

although # is limited to D due to isotropy of magnetization.
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7.3 Research Goal

The goal of this research is to study the fabrication and characterization of magnetically tunable
nanopillar structures with periodic orders. Actuation mechanism using magnetic field gradient
will be investigated in contrast to most existing work where magnetic torque drives the
actuation. Given the ability to use low magnetic flux density, high field gradient actuation,
integrated wire grid will be used as the actuation mechanism. It has been demonstrated that
microelectromagnets with wire grid type arrangement can achieve very large magnetic field
gradient in contrast to permanent magnets. Manipulations of magnetic particles and cells have
been successfully demonstrated with great degree of control [ 146]-[148]. A set of parallel gold
wires with current inputs has been simulated using Finite Element Analysis (FEA), and the
map of the magnetic field gradient is plotted in Figure 7-7, where magnetic field gradient in
the order of 10° T/m can be achieved. Programmable tunable nanostructures is promising when
the magnetic nanostructures can be integrated with the microelectromagnets, as shown in
Figure 7-8. The reflection spectra are expected to be controlled and modified with magnetic
field inputs. In latter sections, the fabrication of magnetic nanopillars will be first investigated
and then the integration with microelectromagnets will be studied. Preliminary tests on
magnetic actuations will be performed using both permanent magnets and
microelectromagnets. This work will allow a programmable surface where individual pixels
can be locally addressed. This can lead to applications in low-power iridescent display and

wearable camouflage.

154



Magnetic flux gradient (T/m) x 107

6
) 2.0
(Magnetic cap plane
4 1.5
3 1.0
2 0.5
0

0.5
=10

=

X (um)

Figure 7-7. Simulated magnetic field gradient with gold wire grid microelectromagnets (in

collaboration with Zhiren Luo).

Microelectromagnet

At Rest Actuated

Figure 7-8. Diagram of magnetically tunable nanostructure with microelectromagnets.
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7.4  Fabrication of Magnetically Tunable Nanostructures and Actuation Tests

PDMS was chosen as the soft material for tunable nanostructures because it has low stiffness,
as described by the mechanical model in (7.6). The process for magnetically tunable
nanostructures is shown in Figure 7-9. SU8 can be patterned into 2D periodic hole arrays using
Lloyd’s mirror interference lithography, and is then cured fully in an oven after development
to serve as a replication mold for PDMS. The replication is conducted using the SU8 mold
after the coating of an antiadhesion layer (97% trichloro(octyl)silane, Sigma-Aldrich). The
replicated PDMS pillars are subsequently deposited with magnetic materials using electron
beam evaporation at normal incidence. The magnetic materials form bead-like geometries on
top of the nanopillars as well as on the bottom flat surfaces. Magnetic field can be applied to
actuate the nanopillars. Due to the relatively isotropic geometry of the magnetic materials on
top of the nanopillars, magnetic force from magnetic field gradient will be dominant in

actuating the nanopillars, compared to the relatively weak magnetic torque due to lack of

anisotropy.
— ™ Magnetic
ARCA Si
fa) {b) (<l

Figure 7-9. Fabrication process for magnetically tunable nanostructures. (a) 2D periodic holes defined
by interference lithography. (b) Replication of PDMS from the SU8 mold. (¢) Deposition of magnetic
materials on the replicated PDMS pillars.
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The fabricated SU8 template and replicated PDMS pillars are shown in Figure 7-10. SU8
2005 was used with different dilution ratios to yield different thicknesses. The exposure dosage
for 2D hole arrays with 2 um period was between 4 mJ/cm? and 5 mJ/cm? each exposure. Post-
exposure and hard bakings were performed in an oven. The post-exposure bake was at 95 °C
for 3 minutes. Then the baked sample was developed in propylene glycol methyl ether acetate
(PGMEA) for 1 minute and rinsed in isopropanol for a few seconds. The developed sample
showed iridescence due to the regular 2D holes. The SU8 holes have usually rough sidewall
surface from scanning electron micrographs and a hard bake at 185 °C for 20 minutes is needed
to smoothen the sidewall surface by the thermal softening of SU8 polymer. One SUS template
is shown in Figure 7-10(a) with smooth sidewall surface after the above steps. To facilitate
PDMS peeling, an anti-adhesion layer was coated using vapor phase coating method of a low-
energy surface monolayer in a desiccator. Trichloro(octyl)silane was used after the SU8 sample
had been treated with oxygen plasma asher located at the third floor of Engineering Building
IIT for 3 minutes under high power mode. Note that the oxygen plasma treatment is crucial for
antiadhesion coating due to the generation of hydroxyl groups on SU8 surface, which can react
with trichloro(octyl)silane to form covalent bonds. It has been confirmed experimentally
during my tests that samples with oxygen plasma treatment show better anti-adhesion
performance than the ones with UV/ozone treatment. This can be because UV/ozone treatment
is not plasma-based process and does not generate enough hydroxyl groups to react with silane
molecules on the surface. PDMS was then poured onto SU8 template and degassed for a few

minutes. Curing was performed in the oven at 60 °C for 8 hours before PDMS peeling. The
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resultant PDMS pillars are shown in Figure 7-10(b). An aspect ratio of ~ 3 was achieved and

pillars with higher aspect ratios were hardly achieved in large areas due to significant collapses.

SU8 Template PDMS 2D Pillars

Figure 7-10. Scanning electron micrographs of (a) SUS8 replication mold and (b) replicated PDMS
nanopillars.

In order to increase the aspect ratio of PDMS nanopillars for facile actuation, as described
by the mechanical model in (7.6), the replicated PDMS pillars then underwent a trimming
process using SF¢ reactive ion etching. The etching of PDMS was studied in literature [149],
from which the etching parameters were modified. Using the Oxford etching equipment at the
NCSU Nanofabrication Facility (NNF), the PDMS pillar aspect ratio has been increased to
about 11. Due to the intrinsic isotropic undercutting behavior of SFs etch chemistry, the PDMS

nanopillars show a baseball bat shape, as shown in Figure 7-11.
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Figure 7-11. (a) Replicated PDMS pillars with aspect ratio about 3. (b) Trimmed PDMS nanopillars
after SF6 reactive ion etching. (c) Etching characteristics regarding aspect ratio.

To make soft polymers magnetic, most existing work utilizes mixtures of polymers and
magnetic particles. The mechanical properties of the polymers are thus modified, but the
magnetic properties are usually not uniform. In addition, the material mechanical and magnetic
properties can only be controlled by the relative ratio of the polymer/magnetic species. |
developed a simple approach by depositing magnetic materials, such as nickel and cobalt using
electron beam evaporation, directly on top of the soft nanopillars. In this way, the magnetic
properties can be independently controlled while the mechanical properties of the polymer
nanopillars are preserved. The final magnetic nanopillars are shown in Figure 7-12. The
magnetic materials are deposited on both the top of nanopillars and the bottom surface. Nickel
usually forms uniform dense layers after deposition while cobalt films are more porous and

grainy, as evident in Figure 7-12.
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Figure 7-12. (a) PDMS nanopillars deposited with 300 nm nickel. (b) Magnified view of the magnetic
nanopillars with nickel. (c¢) PDMS nanopillars deposited with 500 nm cobalt. (d) Magnified view of
the magnetic nanopillars with cobalt.

The fabricated magnetic PDMS nanopillars were tested using rare earth NdFeB magnets
and observed under an optical microscope. The magnetic field was aligned in plane with the
nanopillar surface and engaged using a translation stage. The actuation of the nanopillars was
recorded as the magnet was moving close and away from the sample edge. A very small
movement of the nanopillars was identified and two screenshots were taken with magnet
moving away from and closing in to the sample edge, as shown in Figure 7-13. A roughly 150
nm deflection of the magnetic PDMS nanopillar was observed after subtracting the movement

of the bottom magnetic layer. The reason behind this small displacement is the limited
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magnetic field gradient provided by the rare earth magnet, which is in the range of hundreds
of tesla per meter. For appreciable movement, the magnetic field gradient should be in the
range of thousands of tesla per meter, which cannot be easily achieved using the rare earth

magnet. Other approaches have to be investigated, such as microelectromagnets.
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Figure 7-13. Screenshots of the PDMS pillar displacement using rare earth NdFeB magnets.

7.5  Magnetically Tunable Nanostructures Integration with Microelectromagnets

To introduce enough magnetic field gradient, microelectromagnets were fabricated and
integrated with the magnetic nanopillars. Magnetic field gradient above 1000 T/m has been
demonstrated in literature using microscale current conducting wires [146]-[148]. The small
displacement in last section may also come from the strong distortion of the magnetic field by

the continuous bottom layers. The actuation problem can be a lot simpler once the magnetic
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materials are only on top of the soft nanopillars. So the removal of the bottom magnetic layer

is also crucial to investigate.

The fabrication process to integrate the microelectromagnet and remove the bottom
magnetic layer is shown in Figure 7-14(a). Instead of depositing magnetic materials on the soft
nanopillars, a 100 nm SiO2 sacrificial layer and magnetic materials are subsequently deposited
on the SUS8 template. Then the sample is immersed into buffered oxide etch (BOE) solution to
remove the SiO2 layer and the magnetic materials on the SUS8 surface will be lifted off during
this process while the magnetic materials in the SUS8 holes will stay inside. Note that while
nickel film is dense enough to lift off as a whole piece, cobalt films are more porous and cannot
be lifted off without cracks and damages of the SU8 layer. The SU8 sample after immersing
into BOE is shown in Figure 7-14(b). PDMS is then poured into the SU8 template and
spincoated at 6000 rpm to reduce the PDMS thickness. A gold circuit with 100 nm to 600 nm
thickness is patterned on a silicon wafer with 300 nm thermal oxide using conventional
photolithography, electron beam evaporation and lift-off process. The gold circuit is then
capped onto the spincoated PDMS surface with a gentle smearing movement to further reduce
the PDMS thickness. This will ensure the magnetic nanopillars to experience high magnetic
field gradients close to the gold circuits. The sandwich structure is then cured on a hotplate at
about 80 °C for 10 minutes. Due to the weak adhesion between the antireflection coating (ARC)
and the silicon substrate from low temperature curing (90 °C) of the ARC, the whole stacks of
ARC, SU8 and PDMS can be all transferred to the gold circuit by applying a small separation
force. Then ARC and SUS8 can be removed by oxygen plasma etching, which does not

chemically etch PDMS. The PDMS nanopillars are further trimmed using the aforementioned
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method of SFe reactive ion etching. The last step is to connect the gold circuit to the power

source using wire bonding process.

(a) Au Cireuit
Y

g i
2 um

Figure 7-14. (a) Fabrication process of magnetically tunable nanopillars and integration with a
microelectromagnet using Au circuit. (b) Scanning electron micrograph of the SU8 mold with
deposited Ni particles after lift-off process. (c) The fabricated tunable nanostructures integrated with
one-dimensional Au circuit wires. (d) Scanning electron micrograph of the fabricated tunable
nanopillars.

The final testing device integrated with magnetic nanopillars is shown in Figure 7-14(c) and
(d). Note that the structures have a lower aspect ratio than previous nanopillars due to the
integration process being non-optimized. The fabricated tunable nanopillar arrays were tested
by inputting current into the gold circuit. As shown in Figure 7-15, 0.5 A current was used and
nanopillar movements were observed near and on the gold wire area under an optical
microscope. In particular, the nanopillar near the gold wire edge had the largest movement of

about 500 nm toward the wire center because of the largest magnetic field gradient. Note the
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nanopillars on the top-side of the wire also bent towards the circuit, as expected from the
modelling results. The results shown here is preliminary and the design of nanostructures and

the microelectromagnets needs to be studied in more details with modelling and experiments.

Current Off 0.5 A On

Figure 7-15. Tunable nanostructure testing with 0.5 A current input. (a) Current off and (b) on states
with 0.5 A current. (c-d) Magnified views of an area near Au wire edge for off and on states,
respectively. About 500 nm displacement is observed for the nanopillar indicated by the arrow.

Despite the initial result of ~ 500 nm displacement, several problems have been identified.
Firstly, the input current cannot be higher than 0.5 A using the current device. Significant
heating was noticed during the period of current input, which could result in device failure in
long-term actuation tests. A cooling system might be needed underneath the device to aid in

heat dissipation. Another possible solution is to lower the resistance of the circuit by designing

164



the wire cross-sectional area and material to generate less heat. Secondly, the magnetic field
gradient decays rapidly from the circuit surface and a robust fabrication method is needed to
reduce the distance between the nanopillars and the circuit. Currently, I am using a manual
smearing movement to reduce the thickness, which is not robust nor precise method. A possible
solution might be directional etching of the thick PDMS layer using reactive ion etching.
Thirdly, the Young’s modulus of PDMS is uncertain after the integration process, especially
after a series of etching steps, which involve significant heating to cause extended curing of
PDMS. It has been demonstrated that the modulus of PDMS can vary largely with curing
temperature and duration [150]. Therefore, the Young’s modulus of PDMS has to be verified
and the modulus value is also beneficial for mechanical modelling. It is also useful to consider
other materials with even lower Young’s modulus than PDMS, such as EcoFlex 00-10 with

about 55 kPa modulus.
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7.6 Summary

In this work, a fabrication process towards magnetically tunable nanostructures is
demonstrated and preliminary testing results show the actuation of nanopillars using the large
magnetic field gradient generated by a gold wire circuit. In future work, the mechanism of
actuation using magnetic field gradient will be studied in details in order to increase the
nanopillar displacement. Such tunable nanopillar arrays can find many potential applications,
such as in nanofluidic manipulation, dynamic photonic and thermal managements, and

reversible dry adhesives.
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CHAPTER 8
CONCLUSION
In this dissertation, I first demonstrated the fabrication of complex 3D hollow nanostructures
using light scattering from individual colloidal elements and its application in particle trapping.
This approach harnesses the local optical interaction with colloids, and allows versatile, facile
fabrication of complex 3D nano-volcano structures. No external optics are required in this
approach, and light is manipulated into the designed optical pattern solely by the colloids. The
scattering field is well described by the proposed shape diagram, and various geometries can
be readily fabricated by controlling the particle size-to-wavelength ratio. The 3D
nanostructures can also be patterned with periodic order using non-close-packed colloidal
assembly, allowing precise spatial control for particle trapping/delivery. The nano-scale
interior volume of the hollow nano-volcano structures have been shown to be effective in
trapping nanoparticles, and can potentially be used as functionalized patches for particle/cell
trapping and precise drug delivery. Other possible applications involve bio-sensing, and optical
or acoustic focusing using the tapered sidewalls. Although in this work I focused on readily
available spherical nanoparticles as scattering objects, other types of colloidal elements, such
as cubic, tetrahedral, and rod particles, can be incorporated into this approach to enable a wide
variety of achievable 3D nanostructures. Moreover, numerical simulations show that
plasmonic metal particles may induce even exotic intensity patterns under resonance for more

possibilities of fabricated nanostructure.

Aside from normal incidence, I also demonstrated the fabrication of asymmetric 3D hollow

nanostructures using multiple oblique light illuminations on individual colloidal elements.
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Similar to the aforementioned technique, the proposed method is based on particle-light
interactions in close proximity, and does not require complex setup such as precision optics,
lasers, and other hardware. The oblique illumination approach introduces more parameters to
harness the light scattering intensity patterns, which can be controlled by tuning the particle
sizes, incident angles, polarizations, and exposure configurations. Sidewall and center hole
angles can be designed with good agreements between experimental data and theoretical
models. Multiple illuminations can also be employed to overlay the scattering profile, resulting
in more complex symmetries. Additional illumination configurations, such as exposure
wavelength and coherence illumination can be included to further tailor the fabricated
geometry. The slanted structures can also be fabricated in an ordered periodic array, which can
find applications in nanoneedles for nanomaterial delivery, nanonozzles for nanoink printing,

and engineered surfaces with anisotropic wetting properties.

Having studied the fabrication techniques of 3D nanostructure, I later investigated the
application of 3D nanostructured materials as low-index optical films. A new class of low-
index nanolattice materials was achieved, consisting of ordered thin-shelled structures that
have a near-unity index. The refractive index can be designed by controlling lattice geometry
using nanolithography and selecting material composition and thickness during ALD. The
index can be varied by a wide range, n = 1.025 to 1.360, to completely fill the index gap
between naturally-occurring solid materials and air. The experimental results were well-
modeled using Maxwell-Garnett effective medium theory, which can be used to guide index
design. Light scattering of the nanolattice materials are low in the visible and near-infrared

range, and the angle-dependent scattering profile results in a reduced translucent appearance.
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Lower scattering in the UV range can be achieved by further reducing the lattice period and
minimizing structure defects. The developed low-index films can find many applications in

waveguides, resonators, photonic devices, and low-k dielectric materials.

For the first part of my doctoral research, I have demonstrated novel 3D nanostructures with
static properties and fixed architectures. However, nanostructured materials with tunable
physical properties can be more attractive when single materials can exhibit user-configurable
properties in multiple physical domains, such as wetting, mechanical, and optical properties.
Although various microscale tunable structures have been demonstrated, it is more difficult to
fabricate and characterize tunable structures in the nanoscale. Here in the last part of my
dissertation, I have conducted initial fabrication and demonstration of high-aspect ratio PDMS
nanopillars. The proposed approach allows separate designs of magnetic and mechanical
properties by depositing magnetic materials on soft nanopillars, instead of mixing these two in
conventional methods. In initial characterizations, small displacements were observed when
actuated with rare earth magnet. To increase the magnetic field gradients for significant
displacements, the tunable nanostructures were integrated on chips using microscale
electromagnets. Displacements of ~ 500 nm were achieved for the first batches of samples to
demonstrate the operating principles. Many improvements are still under investigation to
further enhance the displacements and structural quality, and this initial demonstration could
serve as a first step towards more advanced nanostructured materials with tunable properties

in multiple physical domains.
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