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ABSTRACT

Realizing electromagnetic metamaterials which operate in the optical regime requires
creating precise arrangements of sub-100 nm building blocks. As such, fabricating these materials
using conventional lithographic methods is extremely costly. On the other hand, bottom-up
assembly of nanoparticles into crystalline superlattices offers opportunities to explore the scalable
fabrication of 2- (2D) and 3-dimensional (3D) metamaterials. Of various nanoparticle assembly
methods, colloidal crystal engineering with DNA is unique in that the specificity of DNA binding
allows one to deliberately prepare materials with predesigned structures. This thesis takes a
materials-by-design approach towards using DNA to assemble nanoparticles into optical
metamaterials with targeted properties. Throughout the thesis, metamaterials on multiple
dimensionalities are explored. Chapter 2 describes the template-mediated assembly of individual
nanocube-on-mirror anntenas into 2D photonic lattices, and the interaction of these antennas with
precisely embedded emitter molecules. Chapter 3 explores using DNA to assemble high volume
fraction, 3D metacrystals which give rise to tunable, mid-IR Mie resonances. In Chapters 4 and 5,
methods to assemble 2D metasurfaces from anisotropic nanoparticles on the wafer-scale are
discussed. Furthermore, the metasurfaces are designed to exhibit actively tunable near-IR
resonances and epsilon-near-zero (ENZ) conditions. Expanding on the results in Chapter 3,
Chapter 6 reports the preparation of uniform arrays of 3D metacrystals, by confining superlattice
growth inside microscale trenches. First, the growth mechanism and outcomes are probed using a
combination of electron microscopy and synchrotron X-ray based techniques. Next, the efficacy
of the method towards large-scale fabrication of uniform 3D metacrystals is explored. Finally, an
additional degree of hierarchy is introduced by arranging 3D metacrystals into periodic lattices,

which give rise to diffractive modes. Taken together, these discoveries significantly advance the
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scalable assembly of 2D and 3D optical metamaterials, which could find use in numerous

applications including sensing, telecommunications, and optical computing.
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CHAPTER 1: INTRODUCTION
Colloidal Metamaterials for Unusual Optical Refractions

1.1 Colloidal Metamaterials

1.1.1 Historical perspective on metamaterials and metasurfaces

Figure 1-1. Schematic representation of the meta-atom concept. (a) Two types of lithographically
fabricated metaatoms. (b-d) Representation of (b) a 1D meta-atom chain, (c) a 2D metasurface, and (d)
a 3D metamaterial. Adapted from ref. 1.

Optical metamaterials?>~’ are man-made materials, engineered to interact with light in novel
or unusual ways. Typically, they consist of sub-wavelength (“meta-atom”) building blocks®®
arranged in rationally designed periodic structures (Figure 1-1). Analogous to natural materials,
which interact with incident electric fields via materials parameters such as electric permittivity
(g), magnetic permeability (p), and refractive index (n), light-matter interactions in metamaterials
can be described using the effective parameters, eefr, Mefr, and Nesr.® In order for metamaterials to
behave as homogeneous media which can be described by effective medium theories, the structural
scale of meta-atoms should be much smaller than the operational wavelengths (<< 1/5).8%° From
years 2000 to 2010, progress in metasurfaces research was mainly focused in the terahertz

regime.!"> Advances in micro- and nano-lithography enabled the fabrication of 2-dimensional
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Figure 1-2. The operating frequency of metamaterials with negative permeability (empty triangles) and
negative refractive index (solid triangles) shown on a logarithmic scale. Orange: structures based on
double SRRs; green: U-shaped SRRs; blue: metallic cut-wire pairs; red: negative-index double-fishnet
structures. Figure adapted from ref. 2.

metasurfaces comprised of novel meta-atom structures, such as the split-ring resonator'®® and
metallic cut wires.?® These metasurfaces exhibit a wide range of unnatural optical phenomenon,
one of the most notable being optical magnetism and, by extension, negative refractive index,?%-22
which was first experimentally shown by David Smith’s group in 2001.% By the latter half of the
decade, state-of-the-art nanolithography techniques could produce features smaller than 100 nm,
enabling the exploration of metasurfaces which operate at optical (visible and IR) frequencies
(Figure 1-2).2 Still, there inevitably exists a trade-off between resolution and throughput especially
when patterning sub-100 nm features which requires extremely precise lithography using
complicated optical systems.?#?> Nevertheless, the expansion to optical frequencies opened up a
myriad of opportunities for the metamaterials community and over the next decade, metasurface
research enabled realization of previously unimaginable optical phenomena including cloaking,?-

28 perfect absorption,?®=3! optical chirality,*3>3 and superlensing®.
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Figure 1-3. Methods to actively tune metadevices. (a) Thermal tuning (b) Electromechanical tuning (c)
Incorporating active materials such as semiconductors (d) Opto-mechanical tuning. Figure adapted
from Ref. 34.

As metasurface research approached a relatively mature stage, the focus began to shift from
fundamental discovery towards devising methods to integrate metasurfaces into devices, known
as metadevices.®>3® Due to their subwavelength size, metadevices provide a means to achieve
highly efficient, flat alternatives to conventional bulky optical components. In addition,
researchers have devised creative methods to actively tune the optical response of metadevices.
These tuning strategies can be classified into two categories. First, structural parameters such as
lattice constant, resonator shape, or spatial arrangements, can be tuned through mechanical
reconfiguration. For instance, thermal tuning takes advantage of the expansion of materials with
increased temperatures.®’*® By arranging two materials with different thermal expansion
coefficients into a single resonant unit cell, a change in temperature will result in thermal bending.
On the other hand, electro-mechanical tuning utilizes an electrostatic force from an electric field.
Specifically, when a DC bias is applied between a movable and stationary electrode, actuation

occurs. Electro-mechanical tuning thus far has been the most popular method to mechanically
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actuate metamaterials. On this front, micro-electromechanical (MEMS) and nano-
electromechanical system (NEMS) technologies are well established for fabricating complicated
micro- and nano-mechanical systems, enabling reconfigurable functionalities in metamaterials
operating at various frequency ranges.3*' Second, incorporating active materials such as
semiconductors, phase change materials, or liquid crystals enables tuning of optical response due
to the sensitivity of these materials to external stimuli. For example, band structures of
semiconductors can be tuned with stimuli including an external electric field, optical pumping,
magnetic biasing, and temperature change, which in turn changes their optical properties.*?

1.1.2 Effective medium description for metamaterials
As previously mentioned, n, €, and p are the parameters commonly used to describe light-
matter interactions in optical materials. n is defined by n = /e, where € and u are related to

electric polarization (P) and magnetic diamagnetization (M), respectively. Specifically,

- 14—
&€= &E
and
= 1+M
K= ""%

where &, E, and H are the vacuum permittivity, incident electric field, and incident magnetic field,

respectively. The effective optical behavior of many metamaterials is well described by the

. & —& iy o — . . . .
Maxwell-Garnett equation, —£L—1ost. — pf finc—fhost \yhere FF s the inclusion volume fraction,
Eefft2&nost €inct2&post

and &gffp, and epo5, and g are the dielectric constants of the effective metamaterial, host
material, and inclusion, respectively.** For metasurfaces, inclusions are the lithographically
patterned features, and the host is the substrate material. The Maxwell-Garnett theory essentially

describes the effective metamaterials parameters as weighted averages of the host and inclusion
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parameters. It holds true when there are no interactions between inclusion particles, usually at
volume fractions below 20% and disordered arrangements of nanoparticles. For metamaterials
with higher volume fractions of inclusions, where interactions between inclusion particles become
significant, the s-parameter retrieval method can be used instead. Pioneered by Smith et al.,** the
s-parameter retrieval method allowed for the generalization of the metamaterials concept and has
had a significant impact on the field, being used to determine effective optical parameters in
numerous papers.**“9 In short, reflection, transmission, and their relevant phase change,
collectively denoted as s-parameters, are calculated using simulation or retrieved from
experimental measurements. Next, the resultant effective parameters are retrieved from the s-
parameters. As the work in this dissertation focuses on metamaterials in the high volume fraction
regime, the s-parameter retrieval method is employed to calculate effective materials parameters
(Chapters 3, 4, 5).

1.1.3 Colloidal metamaterials

Until very recently, research on lithographically fabricated metamaterials was mainly
limited in 2 dimensions. In order to be considered “materials”, however, the structures must have
several layers in the third dimension.? In fact, operation of 2D metasurfaces is typically limited to
certain angles and polarizations due to their planar nature, limiting applicability in practical
devices. As such, fabrication of three-dimensional (3D) metamaterials is currently one of the major
goals for the metamaterials community. Towards this end, one way to fabricate 3D metamaterials
is to stack several metasurfaces on top of one another.2 However, as each layer is fabricated using
lithography, which is already time-consuming, the cost of 3D metamaterials prepared using this

method greatly limits their widespread application.
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Figure 1-4. Methods to assemble colloidal nanoparticles. (a) Capillary force method. (b) Evaporative
self-assembly. (c) Langmuir-Blodgett method. (d) Depletion force assembly.

On the other hand, bottom-up assembly of nanoparticles into 3D colloidal crystals has
opened the possibility of exploring 3D metamaterials with engineered optical responses. Methods
to assemble crystalline nanoparticle superlattices include convective self-assembly (Figure 1-4a),*
depletion force assembly (Figure 1-4d),3*2 enthalpic methods such as DNA-mediated assembly®?,
and interfacial assembly methods such as the Langmuir-Blodgett technique (Figure 1-4c).>® In all
of these methods, achieving highly crystalline colloidal assemblies, or superlattices, requires
nanoparticles to be synthesized in high purity and uniformity. Fortunately, numerous synthesis
techniques have been developed to synthesize highly uniform nanoparticles with various sizes,
shapes, and compositions.>*¢° Most notably, seed mediated synthesis,5*%? which separates
nucleation and growth stages into a 2-step synthesis, results in exceptionally uniform
nanoparticles. Here, very small nanoparticles are prepared in a rapid nucleation step, using high
concentrations of both metal ion precursor and reducing agent. Next, the small nanoparticles are

used as “seeds” to template the growth of larger nanoparticles through the epitaxial deposition of
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Figure 1-5. Seed-mediated synthesis of Au nanoparticles. (top) Uniform, spherical nanoparticles are
synthesized using an iterative growth and etching process. (bottom) The nanoparticles are then used as
seeds to template the growth of uniform anisotropic nanoparticles of various shapes and sizes. Figure
adapted from Ref. 62.

reduced metal ions. Because the seeds were grown via rapid nucleation, their size dispersity is very
small. As a result, subsequent overgrowth results in highly uniform nanoparticles. Notably, the
Mirkin group developed a general Au seed synthesis procedure (Figure 1-5) which can be used to
grow uniform anisotropic, Au nanoparticles of various shapes including the cubes (Chapters 2-6),
octahedra (Chapter 4-6), and rhombic dodecahedra (Chapter 4) used in this work.®® The procedure
involves first growing single-crystalline Au nanorods and etching them into small, spherical Au
nanoparticles. Next, the spherical nanoparticles are overgrown into concave rhombic
dodecahedron particles and etched again into spheres, increasing their uniformity.
1.1.4 Plasmonic metamaterials

Plasmonic nanoparticles, made of noble metals such as Au or Ag, are the most commonly
used building blocks for optical metamaterials due to their extraordinarily strong interactions with
light.>®* Two types of plasmon resonances exist, localized surface plasmon resonances (LSPRs)

and surface plasmon polaritons (SPPs). SPPs are electromagnetic waves which travel along a
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metal-dielectric or metal-air interface. On the other hand, LSPRs, are excited when light of a
specific frequency hits a plasmonic nanoparticle, causing a collective oscillation of its conduction
electrons. The nanoparticle absorbs or scatters light extremely intensely at this resonance
frequency, leading to vivid colors in their colloidal suspensions. Another useful feature of LSPR
is that it is highly sensitive to nanoparticle size and shape.®* For example, the LSPR of Au nanorods
can be tuned between 600 nm and 2 um by increasing their aspect ratio, allowing them to be used
for both visible and IR applications.®® To harvest these properties, researchers have devised
methods to synthesize plasmonic nanoparticles, especially those of Au and Ag, with a wide variety
of sizes and shapes.>"® In addition, when two plasmonic nanoparticles are placed close enough
that they can interact in the near field, the resonances of individual particles hybridize, resulting in
a shift in their LSPR wavelength as well as an immense field concentration in the gap between the
two particles.>®” This coupling is extremely sensitive to structure, adding another design parameter
to tune the properties of colloidal metamaterials. Indeed, the metamaterials community has
devoted significant effort towards designing ordered arrangements of plasmonic nanoparticles that
give rise to various effective behavior and developing methods to experimentally realize 2- and 3-
dimensional arrays (or superlattices) of plasmonic nanoparticles using both lithography and
colloidal assembly.>%889 Additionally, all of the work in this thesis involves studies of crystalline
assemblies of Au nanoparticles.

The strong absorbing and scattering ability of plasmonic nanoparticles also enables them
to interact with excitonic media placed in their vicinity.”>"2 Depending on the position and
emission wavelength of the excitonic material, its emission can either be quenched or enhanced
by the plasmon resonance, modifying both emission lifetime and intensity.” This property is useful

for preparing ultrabright or ultrafast light sources such as lasers,’*" as well as for detection
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applications, where a molecule is quenched or enhanced near a plasmonic surface.”® The broad
spectral tunability of plasmon resonances enables these structures to interact with a virtually any
excitonic wavelength in the visible and near-IR. Chapter 2 of this thesis studies the interaction of
Au nanocube arrays with dye molecules placed in plasmonic hotspots.

1.2 Assembling Nanoparticles into Crystalline Metamaterials using DNA
1.2.1 Colloidal crystal engineering with DNA

The Mirkin group first introduced the idea of using DNA as a surface ligand to direct
nanoparticle assembly in 1996.”" This technique repurposes the genetic code as a synthetic
material, utilizing the specificity of DNA binding (adenine (A) binds with thymine (T) and guanine
(G) binds with cytosine (C)) to direct nanoparticles into predesigned structures. Due to their
similarity to atoms, DNA-functionalized nanoparticles are termed “programmable atom
equivalents (PAEs)”.”® By exploiting various surface chemistries, a wide variety of nanoparticles
can be functionalized with dense shells of oligonucleotides.”*® To date, PAEs have been
synthesized using nanoparticles of sizes ranging from 2 to 250 nm in diameter, a wide range of
shapes, and diverse compositions including gold, silver, iron oxide, platinum, semiconductor
quantum dots, and proteins.®*8 To attach DNA to Au nanoparticles, such as those used in this
work, DNA is synthesized with a thiol functional group on its 3’ end, such that it can be easily
attached to Au nanoparticles through ligand exchange, by exploiting Au-thiol bonding.2> DNA
sequences are then designed such that they direct nanoparticles to bind with one another through
complementary base pairing, forming extended networks of nanoparticle aggregates.

Crystallization of DNA-functionalized nanoparticles into structures with long-range order
was first reported in 2008, independently by Mirkin and Gang.8%® To form ordered crystals,

researchers utilized weak DNA bonds (4-6 bases instead of 10-30), which allowed particles to
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reversibly attach and reorganize when annealed just below the melting temperature (the point at
which assemblies fully dehybridize into discrete nanoparticles). During this process, particles in
unstable, disordered states reordered into the thermodynamically favored crystalline state. These
studies also showed the use of DNA design to direct superlattice symmetry. Specifically, using
self-complementary DNA resulted in the formation of closest-packed face-centered cubic (FCC)
structures because PAEs could hybridize to every other particle in solution. On the other hand,
when a binary non-self-complementary system of particles was used, particles functionalized with
complementary DNA exhibited attractive interactions through DNA binding while particles
functionalized with the same DNA exhibited only repulsive interactions due to the electrostatic
repulsion between the negatively charged DNA backbones. As a result, non-close-packed body

centered cubic (BCC) lattices were formed. Motivated by these initial studies, researchers have
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Figure 1-6. Assembling nanoparticle superlattices with DNA. (a) A few examples from a large library
of nanoparticle superlattices which can achieved using this technique. Adapted from Ref. 2 (b) Slowly
cooling DNA-functionalized colloids through their melting temperature results in faceted single-
crystalline superlattices. Adapted from Ref. 86.
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utilized colloidal crystal engineering with DNA to assemble ordered superlattices with over 50
structures (Figure 1-6a).>*87

Design rules were developed to predict and explain the formation of DNA-assembled
superlattices, following the principle of maximizing hybridization events between commentary
DNA strands. These rules are summarized into a “complementary contact model (CCM)”, which
was developed to predict lattice symmetry through the geometric overlap between neighboring
complementary particles.”® Initially, the model was based solely on enthalpic considerations, and
ignored repulsive interactions between DNA strands. Later, the model was expanded to account
for entropic considerations as well as a variety of repulsive interactions to predict assembly
outcomes even more accurately.388°

Finally, superlattices assembled with DNA can form discrete, well-defined microscale
crystal habits. To grow these, instead of annealing below the melting temperature of a PAE system,
PAEs are slowly cooled from above the melting temperature, through the entire melting transition,
resulting in the thermodynamic Wulff polyhedron (Figure 1-6b).%° Colloidal crystal assembly with
DNA uniquely enables the preparation of 3D metamaterials with well-defined habits, which can
be used to dictate their mesoscale photonic response, enabling shape-dependent resonances and
directional light scattering.
1.2.2 Optical Properties of DNA-Assembled Superlattices

In Mirkin’s 1996 paper, when DNA-functionalized Au nanoparticles were combined with
complementary linker strands, the color of the solution changed from red to purple, indicating
coupling between the nanoparticle LSPRs.”” Crystalline SLs contain thousands of nanoparticles,
which can exhibit complex coupling with one another. This coupling depends on the composition,

size, and shape of nanoparticles, the distance between them, and the lattice symmetry, creating a
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vast design space for engineering the SLs’ optical response (Figure 1-7b).%2*4 In addition, the 3D
crystal habit can be used to dictate the SLs’ collective photonic responses. For example, Ag
nanoparticle superlattices with Ag volume fractions between 5 and 25 % exhibited epsilon-near-
zero (ENZ) response.®® In another study, superlattices of high aspect ratio nanorods were shown,

using electromagnetics simulation, to give rise to a variety of useful optical properties such as

Plasmonic
i x Photonic Modular Uniit cell
a 008 @ o b usparticiedivan Too Mol ol
=8= ‘S""”zmmmu T dah e — ok
T @Luu S— n=1 dodecahedron)
n=2
c
g 5
= T
= S
3 %
F
B : B el )
y. - 2 b
Experiment ] Slmufa!lon Soeec 4
—_— I~
400 500 600 700 800 400 500 600 700 800 d
d Wavelength (nm) Wavelength (nm)
c P o
s : L2 A8
= z Sge
s 8
NP | 1
mall ® ; 9
2 2
% =
w w
500 550 600 650 700 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

ONA | oNa| Low nolume fraction

plasmonic metamaterials

i A

Crystal Symmetry “ ‘ ;
E ! U -
Crystal Habit g
Dlscrete superlattice structures

Figure 1-7. Emergent optical properties in DNA-assembled plasmonic nanoparticle superlattices. (a)
Coupling dye-molecules to DNA strands holding together plasmonic nanoparticle superlattices results in
enhanced emission lifetimes and intensities. Adapted from Ref. 94. (b) Design parameters for DNA-
assembled nanoparticle metamaterials include nanoparticle size, DNA length, and crystal habit size and
shape. Adapted from Ref. 93. (c) Superlattices assembled from anisotropic nanoparticles give rise to
polarization-dependent responses. Adapted from Ref. 91. (d) Nanorod superlattices can be designed to
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A

birefringence and waveguiding (Figure 1-7d).°* Finally, rhombic dodecahedron-shaped 3D

superlattices were shown to behave as microcavities, exhibiting waveguiding behavior.*®
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Incorporating excitonic materials into DNA-assembled superlattices enables fabrication of
light-emitting devices and studies of plasmon-exciton coupling. There are several ways to modify
DNA-assembled Au nanoparticle superlattices with excitonic materials. First, dye molecules can
be covalently attached to specific DNA sequences (Figure 1-7a), as utilized in Chapter 2 of this
thesis. Alternatively, excitonic nanoparticles such as quantum dots can be made into PAEs and co-
assembled with Au nanoparticles into crystalline superlattices. As an example of the first method,
3D BCC superlattices with rhombic dodecahedral crystal habits were used as microcavities for
studying light emission from dye molecules coupled to the DNA strands that link the particles
together.®® The study showed that at the mesoscale, the rhombic dodecahedron crystal habit
couples with photonic modes, resulting in directional light emission, while at the nanoscale, the
dye dipoles interact with the nanoparticle LSPR in a distance-dependent manner to modify the
emission intensity and lifetime. As an example of the second method, Gang et al. co-assembled
quantum dots and Au nanoparticles into superlattices and showed that the quantum dots’
fluorescence intensity and lifetime can be modulated with DNA bond distance between the Au
nanoparticle and the quantum dot.”
1.2.3 Dynamic Superlattices
Another property of DNA that makes it especially useful for metamaterials preparation is
its responsiveness to variety of chemical and physical cues. Specifically, DNA bonds can
reversibly shrink and expand, or even break, in response to external triggers such as heat, solution
polarity,®” light,% and pH.%® Actuation using these methods is not only reversible but also occurs
on a relatively quick timescale, within seconds in many cases, making it especially promising for
use in active metamaterials.!® In this thesis (Chapters 2 and 5), solution polarity is used as the

stimulus for actuating DNA. Using solution polarity to change the lattice constant between
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nanoparticles in a DNA-assembled superlattice was developed by Mason et al.%” In this work,
ethanol was added in varying percentages to the aqueous saline buffer that DNA-assembled
superlattices are usually crystallized and stored in. Ethanol has a much lower dielectric constant
(~25) than water (~80), so it cannot solvate charged species as effectively. Because DNA is highly
charged, it undergoes structural changes upon experiencing changes in solution dielectric constant.
Small angle X-ray scattering (SAXS) results showed that as ethanol concentration was gradually
increased from O to 80%, nanoparticle bond length in a BCC superlattice assembled from 20 nm
particles decreased from 16 to 3 nm, for a total of 80% reduction in length.®” This actuation
technique was subsequently successfully used to change the length of DNA holding together a
stack of plasmonic nanoparticles, thereby changing the interparticle distance. Because plasmon
coupling depends sensitively on interparticle distance, the metasurfaces’ absorption wavelength
could be tuned between 400 and 700 nm.1%

1.3 Dissertation Overview
As discussed, colloidal crystal engineering with DNA provides immense opportunity for
the scalable fabrication of crystalline metamaterials, especially in 3D. The work of this dissertation

explores this opportunity across multiple dimensionalities.

In Chapter 2, colloidal crystal engineering with DNA on template-confined surfaces is used
to prepare arrays of nanocube-based plasmonic antennas and deliberately place dyes with sub-nm
precision into their hotspots, on the DNA bonds that confine the cubes to the underlying gold
substrate. This combined top-down, and bottom-up approach provides independent control over
both the plasmonic gap and photonic lattice modes of the surface-confined particle assemblies and
allows for the tuning of the interactions between the excited dyes and plasmonically active

antennas. Furthermore, the gap mode of the antennas can be modified in situ by utilizing the
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solvent-dependent structure of the DNA bonds. This is studied by placing two dyes, with different
emission wavelengths, under the nanocubes and recording their solvent-dependent emission. It is
shown that dye emission not only depends upon the in-plane structure of the antennas but also the
size of the gap, which is regulated with solvent. Importantly, this approach allows for the
systematic understanding of the relationship between nanoscale architecture and plasmonically
coupled dye emission, and points towards the use of colloidal crystal engineering with DNA to
create stimuli responsive architectures, which can find use in chemical sensing and tunable light

sources.

Chapters 3 describes the DNA-mediated assembly and optical response of closely packed,
3D superlattices assembled from Au nanocubes. We show that such structures can exhibit
refractive indices as large as ~8 in the mid-infrared, far greater than that of common high-index
dielectrics. Additionally, we report the first observation of multipolar Mie resonances in
metacrystals with well-formed habits, occurring in the mid-infrared for submicrometer
metacrystals which we measured using synchrotron infrared microspectroscopy. Finally, we
predict that arrays of metacrystals could exhibit negative refraction. These results present a
promising platform for engineering devices with unnatural optical properties. A major synthetic
advance in this work is the assembly of high volume fraction (>70%) superlattices, which enabled
large capacitive coupling between neighboring nanocubes, resulting in the observed high refractive
indices. To achieve this, we incorporated flexible spacer units into both the anchor and linker DNA
strands, which allowed the cube PAEs to form crystals rather than the amorphous kinetic traps

formed in previous studies of a similar system (large anisotropic NPs with short DNA bonds).
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Chapter 4 explores the assembly and reorganization of a complementary system of
anisotropic PAEs on substrates. Specifically, DNA was used to assemble polyhedral nanoparticles
of three shapes — cubes, octahedra, and rhombic dodecahedra — on substrates. Subsequent thermal
annealing induced reorganization of the amorphous assemblies into 2D crystalline films. Here, two
new low-density 2D structures, including a honeycomb lattice based on octahedral nanoparticles
were reported. The low-density lattices favored here are not usually seen when particles are
crystallized via other bottom-up assembly techniques. Furthermore, consistent with the
complementary contact model, it was shown that a primary driving force for crystallization is the
formation of directional, face-to-face DNA bonds between neighboring nanoparticles and between
nanoparticles and the substrate. This work shows how colloidal crystal engineering with DNA can
be used to deliberately prepare crystalline superlattices with novel structures, which can potentially

be used as optical metasurfaces.

In Chapter 5, we develop a high temperature crystallization technique to prepare highly
crystalline 2D metamaterials comprised of colloidal gold nanocubes, over macroscopic areas.
Using an effective medium description, the metasurfaces are shown to behave as dielectric media
with high refractive indices that can be dynamically tuned by tuning DNA length. Furthermore,
when coupled with an underlying thin gold film, the real permittivity of these metasurfaces exhibits
a crossover region between positive and negative values, known as the epsilon-near-zero (ENZ)
condition, which can be tuned between 1.5 — 2.6 um by changing DNA length. Optical
characterization performed on the DNA-assembled metasurfaces reveals that the predicted optical
properties agree well with measured response. Overall, this work introduces an efficient method
for realizing large-area plasmonic metasurfaces that enable dynamic control over unique optical

characteristics.
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In Chapter 6, uniform arrays of faceted, 3D superlattices are assembled inside micron-sized
trenches. First, their assembly outcomes are explored using a combination of X-ray based
techniques and electron microscopy. The results indicate that nanocubes form simple-cubic SLs
with square-prism morphology and (100) out-of-plane orientation to maximize DNA bonding. In-
plane, SLs align with the template, exposing their {100} side facets, and degree of alignment
depends on trench size. Interestingly, the distribution of in-plane orientations determined from
SAXS and SEM do not agree, indicating that the internal and external structures of SLs differ. To
understand this discrepancy, X-ray ptychography was employed to image the SLs’ internal
structure and discover that SLs which appear as single crystals in SEM may have subsurface grain
boundaries, depending on trench size. By tracing the growth process using SEM, we discover that
SLs grow via nucleation and growth of randomly oriented domains, followed by their coalescence,
explaining the observed size-dependence in alignment and defect structure. Interestingly, we
discovered that crystallization occurs via an unusual growth mode, whereby continuous SL layers

grow on top of several misoriented islands.

Next, the emergent optical properties of the superlattice arrays are examined. Specifically,
we found that the templated superlattices preserve the mid-IR Mie resonances described as in
Chapter 3, with resonant wavelength tunable through trench (superlattice) size. Importantly, the
superlattice arrays exhibit uniform optical response in the mid-IR, enabling measurement of their

ensemble properties using laboratory FTIR instruments.

Finally, Chapter 7 summarizes the work in this thesis and describes some of the future
outlooks for using colloidal crystal engineering with DNA to scalably fabricate 3D optical

metamaterials and metadevices with emergent properties and applications.
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CHAPTER 2

Tunable Fluorescence from Dye-Modified DNA-Assembled Plasmonic Nanocube Arrays

This chapter is based on published work:

C.Y. Zheng*, E. Palacios*, W. Zhou, G. C. Schatz, K. Aydin, C. A. Mirkin, et al., “Tunable
Fluorescence from Dye-Modified DNA-Assembled Plasmonic Nanocube Arrays” Adv. Mater.,
2019, 31, 1904448. (*indicates equal contribution)

2.1. Background

Plasmonic nanoparticles!®* (NPs) give rise to strong electric field (E-field) confinements,
and therefore, when coupled with nearby emitters such as dye molecules or quantum dots, act as
antennas to enhance their emission rates and intensities.l%%1% These so-called plasmonic
nanoantennas can be used in lasing,'® molecular sensing,** and quantum information
processing.l%®® Although single NPs can function as plasmonic nanoantennas,’® typically
researchers exploit dimers of NPs,%1%7 particles coupled with a metallic surface,'%-110 or arrays
of particles lithographically placed into configurations that lead to optimum plasmonic coupling
effects.!% The nanoscale patch antenna geometry,1%-119 where a nanoparticle is positioned a short
distance above a metallic film with a dielectric spacer, gives rise to a plasmonic gap mode that
enhances light absorption and subsequent fluorescence. When plasmonic NPs are placed in an
array with a periodicity comparable to the wavelength of light, long-range radiative coupling
between localized surface plasmons (LSPs) of single NPs give rise to diffraction modes in the
plane of the array known as surface lattice resonances (SLRs, or lattice plasmons), producing even
stronger field enhancements and higher quality resonances.’*!* Consequently, particle arrays have

found use in both lasing’™ and sensing.'2!'3
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Colloidal crystal engineering with DNA is emerging as a robust method for controlling

crystal composition, lattice parameter, and habit.”®818487.90.114 1n addition to being useful for
preparing 3-dimensional assemblies, the technique can be combined with top-down lithography
(e.g. e-beam, EBL) to position nanoparticles on substrates, which allows one to synthesize 2-
dimensional structures not attainable through conventional lithographic techniques.'%!> For
example, arrays of single crystalline nanocubes that display strong coupling between plasmonic
gap modes and photonic lattice modes!'® have been assembled on gold-coated silicon substrates.
Here, we explore how such structures, combined with DNA structural sensitivity to solvent,®"1%
can be used to modify the emission properties of dyes strategically placed into the E-field hotspots
of the particle array structure. These studies reveal four novel and attractive characteristics of such
assemblies which enable precise control over structural parameters that affect the plasmonic
resonances, coupling strength, and emission enhancement. First, the emission of the dye can be
controlled through lattice spacing, which controls the lattice mode resonance. Second, the gap
mode resonance, tunable through DNA length and solvent,®’ can be used to control dye emission.
This is important because it allows one to do so without irreversibly changing lattice structure.
Third, the position of the dye, which can be controlled through chemical attachment to specific
bases, can be fine-tuned with sub-nm precision and used to influence and optimize emission. ">t
Finally, using multiple different dyes, emission of each can be regulated through an understanding
of these effects and coupling to specific structures. Exploration of active tunability in plasmonic
patch antennas is preliminary and typically involves employing thermoresponsive polymers as gap
materials,**®1° which does not enable precise emitter coupling. Methods to couple dye molecules
into antennas include using macrocyclic molecules'®® or DNA origami'?! to position the dye

molecules inside the gap. These are neither scalable nor allow for active tuning. Our method
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enables not only precise positioning of the dye molecules in a repeatable and scalable manner, but

also controllable and reversible tuning using solvent-responsive DNA.

2.2. Results and Discussion

Sample with Cubes
i .

Control Sample

Figure 2-1. a) Schematic showing dye-functionalized nanocube arrays. Scale bar is 1 um. Thiolated
DNA is functionalized onto the substrate (red) and the nanocube (blue), a complementary linker strand
(grey) is hybridized to the substrate DNA, which leaves a single-stranded binding region that is
complementary to the nanocube binding region. The dye is attached to the linker strand at one of three
binding sites (blue dots, denoted d1, d2, and d3) on the linker strand. b) Schematic of the samples with
cubes and a control sample (DNA modified with dye without cubes).

To explore these structure-function relationships, dye-functionalized gold nanocube arrays
were assembled using template-confined DNA-mediated assembly!®115116 (Figure 2-1a). First,
EBL was used to pattern poly(methyl methacrylate) (PMMA) pores at desired lattice positions on
gold-coated Si substrates, with the bottom of each pore consisting of exposed gold. Both the
nanocubes and the exposed gold in the pores were densely functionalized with specific sequences
of propylthiolated DNA. Dye-labeled linker strands complementary to the substrate strand were
then hybridized to the substrates. Note that these DNA strands were synthesized with amino-

modified dT groups at the desired base, where dye-labeled NHS esters can be covalently linked.
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80 nm cubes were assembled in the pores by designing their single-stranded binding region to be
complementary to the binding region of the linkers. Previous work using this technique hybridizes
linker strands to both the gold substrate and the NPs and then assembles the NPs within the pores
using complementary binding regions on the two linkers. However, in this approach, only a single
linker was attached to the substrate, which was directly hybridized to the binding region of the
thiolated DNA on the cube to allow one to position the dye near the cube (Figure 2-1a, top). Cube-
functionalized DNA were not directly labeled with dyes because only dyes underneath the cube
are inside the plasmonic hotspots. Due to the short length of the DNA strands on the cube (15
bases compared to conventionally used 28 bases'®116.122) "assembly was done in aqueous 0.3 M
NaCl, rather than 0.5 m, and at lower temperatures, in order to keep the cubes from aggregating.
The successful implementation of this new 3-strand DNA design, which asymmetrically
incorporates dye molecules underneath the nanocubes, highlights that we can change DNA design
and assembly conditions to create structures required for a desired optical response not achievable
with previously studied designs. After assembly, the PMMA template was removed, and the

samples were transferred to 0.5 M NaCl buffer for optical characterization.

Dye-labeled nanocube arrays with periodicities from 400 to 880 nm in 20 nm increments
were assembled onto the same substrate (Figure 2-2). ATTO 680 was chosen as the dye since it
emits at 702 nm, within the range of experimentally accessible lattice and gap modes. A control
sample was made by hybridizing dye-labeled linker DNA to the substrate DNA without the final
step of assembling nanocubes in order to quantify the enhancement in dye photoluminescence (PL)
from the nanocube arrays (Figure 2-1b). The control sample can also account for differences in

dye density between different array periodicities and slight variation of dye emission in different
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solvents. PL measurements were taken by illuminating the samples with a 633 nm HeNe laser

coupled to an inverted microscope and spectrometer. PL maps were collected at 700 nm, near the

dye emission maximum (Figure 2-2c,d). To obtain fluorescence enhancement factors, the
fluorescence of the sample was normalized to that of the control (Figure 2-9). A significant
enhancement was observed (maximum of ~20), with certain periodicities having larger
enhancements due to the presence of lattice or gap modes. Importantly, the unique ability to place
dyes only in plasmonic hotspots allowed for large-area characterization, whereas other work on

similar geometries only measured PL from under individual nanocubes, %110

Max

Min
Max

Min
Figure 2-2 a,b) Optical images of the control sample (DNA modified with ATTO 680 without cubes)
and sample with cubes, respectively. The periods are labeled on each corresponding array. c,d)
Corresponding PL maps. Scale bars are 200 pum.
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Figure 2-3. a,b) FDTD simulation of reflection spectra for 7 and 18 nm gap arrays. The white, dashed
lines indicate lattice modes and dotted lines indicate gap modes. c¢,d) Corresponding experimental
reflection spectra at 60% and 0% ethanol, respectively. The reflection minima near 570 nm in all spectra
a-d are from individual nanocube resonances. e,f) Experimental PL spectra at 60% and 0% ethanol,
respectively. g) E-field plot of the excitation enhancement at a 7 nm gap h) E-field plot of the emission
enhancement at a 7 nm gap.

To explain the trends in PL at different periodicities, lattice and gap mode dispersions were
measured experimentally at 0 and 60% ethanol in water at constant 0.5 m NaCl and calculated
using finite-difference time-domain (FDTD) simulations. To experimentally characterize the
interaction of nanocube arrays with dye emission and laser excitation, optical and PL
measurements were performed between 500 and 800 nm wavelengths using an inverted optical
microscope in reflection mode. In order to correlate ethanol concentrations to gap distances,

experimental reflectivity spectra were compared to FDTD spectra at different gap distances. From
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this comparison, 0% ethanol correlates with an 18 nm gap and 60% ethanol with a 7 nm gap, falling
within the range of expected gap sizes®” (Figure 2-3a-d). The lattice modes can be recognized
through their dispersive nature, whereas gap modes depend on gap size, which changes with

solvent.

PL intensity was examined as a function of lattice periodicity (Figure 2-3e,f). At 60%
ethanol, the dye emission and laser excitation only overlap with lattice modes, which depend on
periodicity. The PL maximum occurs at a periodicity of 560 nm, where the strong enhancement is
attributed to coupling between the dye emission and lattice mode around 700 nm. A smaller PL
peak occurs for a periodicity of 460 nm and, in this case, is due to coupling between the laser and
the lattice mode around 630 nm. These peaks occur at periodicities for which the lattice mode
overlaps with either the incident laser or dye emission wavelengths and are known as excitation
and emission enhancement, respectively. Although in both cases coupling with lattice modes
occur, enhancement is dependent on the E-field inside the gap, shown in simulations to be higher
at the emission energy for 560 nm periodicity than at the excitation energy for 460 nm periodicity
(Figure 2-3g,h). At other periodicities the lattice mode does not cross with either the laser
excitation or dye emission, yet still produce increased PL relative to the reference sample,
attributed to non-resonant E-field enhancements inside the gap. At 0% ethanol, PL maxima occur
for 400 and 500 nm periodicities. In both cases, emission enhancements are observed, but this
time, in the presence of the gap mode occurring near 700 nm. Only a gap mode exists for 400 nm
periodicity, but for 500 nm periodicity the dye emission is in the regime of lattice-gap coupling
and could be interacting with both modes simultaneously. The ability for two spectrally separate,

yet spatially overlapping, tunable modes, to interact with the dye could be used to simultaneously
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produce excitation and emission enhancements. Furthermore, the gap mode can be tuned in situ

by changing solvent polarity (Figure 10).
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Figure 2-4. a) PL for three locations of the dye. In all cases, nanocubes are assembled in a 400 nm lattice
and measurements are performed in buffer with 40% ethanol. b) Calculated E-field intensity profile at
the dye excitation wavelength (630 nm) for a nanocube separated from a gold film by a 16 nm gap. c)
The same calculation done at the dye emission wavelength (700 nm).

To study the distance dependence of the plasmon-exciton interactions, PL was measured
at three dye-to-cube distances between the bottom of the cube and the film (5, 10, and 15 nm,
termed d1, d2, and d3) in 40% ethanol (~16 nm DNA length) and a 400 nm period array. Here, the
dye experiences emission enhancement from a gap mode at 700 nm. We found that the PL intensity
decreased from d1 to d2 to d3 (Figure 4a). This trend can be explained by the calculated E-field
intensities at the excitation and emission wavelengths (Figure 2-4b,c). In both cases, the E-field is
strongly localized in the gap near the nanocube edges, characteristic of a gap mode, explaining
why d1 has the highest PL. When the dye is too close to either the cube or the substrate, the PL

intensity could be diminished, due to non-radiative quenching.”
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Figure 2-5. Samples prepared with and two dyes (Atto Rho 101 and Atto 680) under the cubes randomly
dispersed in the d1 plane a) Schematic. b,c) PL measurement at varying ethanol concentrations when
the sample is excited with a b) red and c) green laser.

Finally, to explore the potential for such lattices in tunable optics, 400 nm period array
samples with two dyes under the nanocubes were prepared. These assemblies contained one dye
that emits at 609 nm (ATTO Rho101) in the d1 position in addition to the original dye; both dyes
are physically in the same proximity to the cubes but randomly mixed within the d1 plane (Figure
2-5a). Since the dyes have different excitation wavelengths, they can be addressed in a wavelength-
dependent manner. Irradiation with 635 nm light (red laser, Figure 2-5b), leads to single dye
emission, while exciting with 543 nm light (green laser, Figure 2-5c) leads to emission from both
dyes. In both cases one can clearly see that ethanol can contract the DNA and shorten the gap
distance, which in turn diminishes the ATTO 680 emission with little effect on that of ATTO
Rho101. Indeed, at 0% ethanol, the gap mode is spectrally matched with the emission maximum
of ATTO 680 (Figure 2-10a), causing enhanced emission near 700 nm, while at 60% ethanol, the

gap mode moves away from the dye emission, resulting in little fluorescence. In contrast, the
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emission of ATTO Rho101, is relatively unaffected by ethanol since it is spectrally mismatched
with the gap mode at all ethanol concentrations. It has a large peak near 609 nm, at all ethanol
concentrations, because of its inherently high quantum yield coupled to off-resonant enhancement.
Therefore, by changing the concentration of ethanol, the intensity ratio of the two dyes can be

tuned, yielding a tunable light source.

2.3. Conclusions

In conclusion, we have shown that template-confined colloidal crystal engineering with
DNA can be used to construct plasmonic nanoantennas with individual control over in situ tunable
plasmonic gap modes and in-plane photonic lattice modes, both capable of enhancing the emission
behavior of fluorophores strategically placed into the antenna hotspots. Additionally, the
molecular-level control over the placement of dye molecules afforded by using DNA as linkers
allows for fine-tuning of plasmon-exciton interactions. The geometry of the nanoantennas can be
optimized in the future for different emission responses by using other anisotropic nanoparticles
such as elongated rods and flat disks, or by arranging the nanoparticles in arrays of oligomers. In
principle, this novel technique will allow for the fabrication of tunable plasmonic nanoantennas
that can be tailored to achieve the desired emission responses in chemical sensing, lasers, and other

forms of tunable light sources.
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2.4. Experimental Details

Materials. Au nanoparticles were purchased from BBI via Ted Pella, Inc., and reagents for DNA
synthesis were purchased from Glen Research. Chemicals were purchased from Sigma-Aldrich.

Milli-Q® water was used in all agueous solutions.

Nanoparticle Synthesis. Single crystalline gold cubes were synthesized via a seed-mediated
method described in detail by O’Brien et al.®® Briefly, uniform single crystalline spherical gold
nanoparticles were synthesized via an iterative chemical growth and etching process. These
nanoparticles were then used as seeds for the growth of anisotropic nanoparticles, including these
cubes. This synthetic procedure results in structurally uniform anisotropic nanoparticles
synthesized with high yield, which makes them ideal for use in optical property measurements that
rely on long-range order. In this work, the average edge length of cubes was determined to be 80

+ 3 nm as measured by scanning transmission electron microscopy (STEM, Hitachi HD-2300).




46

Figure 2-6. STEM images of gold nanocubes with edge length 80 + 3 nm

Substrate Fabrication. PMMA pores were fabricated on Au-coated Si substrates with electron
beam lithography (EBL). First, a Si wafer was cleaned via an O2 plasma at 50 W for 5 min.
Following plasma cleaning, electron beam evaporation (Kurt J. Lesker Company) was used to
deposit a 5 nm Cr adhesion layer, followed by a 100 nm Au layer onto the Si substrate. The wafer
was then cut into pieces (1.5 x 1.5 cm?) and stored in a vacuum desiccator. Substrates were then
spin-coated with positive e-beam resist (poly(methyl methacrylate), PMMA, 495 A2, MicroChem)
at 4000 rpm, resulting in a ~50 nm thick PMMA layer. The PMMA was then baked at 200 °C for
60 s, followed by EBL using a FEI Quanta ESEM to define the trenches. Specifically, we used an
accelerating voltage of 30 kV with a dosage of 150-250 puC/cm? to pattern squares with 120 nm
edge length over a 100 x 100 um? area for each periodicity. The substrates were then developed
in a methyl isobutyl ketone (MIBK) / isopropyl alcohol (IPA) 1:3 solution for 60 s, rinsed with
IPA, and blown dry with N2. After development, each substrate was cleaned using O plasma at
50 W for 1 min (O2 pressure: ~200 mBar) to remove potential PMMA residue at the bottom of
pores and cut into four smaller pieces to fit in 2 mL Eppendorf tubes, which was necessary for

surface functionalization with DNA.

DNA Synthesis and Purification. All oligonucleotides used in this work were synthesized on a
BioAutomation MerMade 12 (MM12) automated oligonucleotide synthesizer using reagents
purchased from Glen Research. After synthesis, all DNA was purified with reverse-phase high-
performance liquid chromatography (HPLC, Agilent) followed by standard deprotection
procedures. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) was used to characterize the purified oligonucleotides and confirm their

molecular weight.
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Dye Labeling of Linker Strands. Purified DNA linker strands were labeled with ATTO 680 or
ATTO Rho101 NHS Ester. The dye-labeled DNA was characterized again with MALDI-TOF-
MS. Separation of free dyes was not necessary because they are washed away along with any

unhybridized DNA strands in subsequent steps.

DNA Functionalization. The DNA sequences used in this work are listed in Table S1 and
functionalization procedures are modified from the literature.’?® Briefly, we functionalized
particles with 5° propylthiolated DNA and substrates with 3’ propylthiolated DNA sequences.
Then, a complementary linker DNA strand was hybridized the substrate DNA. The linker strand
possessed a short 5-base single-stranded region complementary to the 5-base single-stranded
region on the particle DNA, in order to link the particles to the substrates through complementary

DNA hybridization events.

Table S1. DNA Sequences used in this work

Description DNA Sequences (5’ to 3°)

Particle DNA SH (CH2)s - AAA AAA AAA ATCTCT

Substrate Anchor DNA TTT TTT TTA CTG AGC AGC ACT GAT
TTT TTA AAA AAA AAA A - (CH2)3 SH

Substrate Linker DNA d1 TAA AAA ATC AGT GCT GCT CAG TAA
AAA AAA (A-dT) AGAGA

Substrate Linker DNA d2 TAA AAA ATC AGT GC (A-dT) GCT CAG
TAA AAA AAA A AGAGA

Substrate Linker DNA d3 (A-dT) AA AAA ATC AGT GCT GCT CAG
TAA AAA AAA A AGAGA

e “A-dT” refers to Amino-Modifier C6 dT manufactured by Glen Research
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Cubes were functionalized using a procedure modified from that described by Jones et al.}?
and O’Brien et al.}%® Briefly, 3’ propylthiol-modified oligonucleotides were first treated with a 100
mm solution of dithiothreitol (DTT) in 170 mm sodium phosphate buffer (pH = 7.4), followed by
purification on a Nap-5 size exclusion column (GE Life Sciences) to remove DTT. During this
time, 1 mL aliquots of the cube solutions were centrifuged for 8 min at 5,800 rpm, the supernatant
was removed, and the nanoparticles were resuspended in water. The cubes were then centrifuged
a second time for 8 min at 5,800 rpm, the supernatant was removed, and then the purified DNA
and water was added to the pellet immediately. 5 umol of thiolated DNA were added per 1 mL of
particles. The particle solution was then brought to 0.01 M sodium phosphate buffer (pH = 7.4) and
0.01 wt. % sodium dodecyl sulfate (SDS) in water. Stepwise addition of 2 M NaCl was then carried
out every half hour, such that the NaCl concentration was increased to 0.05 m, 0.1 M, 0.2 m, 0.3
M, respectively. Following this process, the nanoparticles were placed on a shaker at 1,000 rpm
and left overnight to ensure a dense loading of oligonucleotides. After functionalization, the
nanoparticle solutions were centrifuged three times to remove excess DNA. After each of the first
two round of centrifugation, nanoparticles were resuspended in 0.01 wt. % SDS, and after the last
centrifugation step, the particles were resuspended in 0.3 M NaCl, 0.01 M sodium phosphate buffer
(pH = 7.4), and 0.01 wt. % SDS. For DNA functionalization of the substrate, the procedure was
similar as describe above. Specifically, 1 pumol of DTT-treated DNA in water was added to each
substrate. However, instead of stepwise addition of NaCl, the substrates were brought to 1 m NaCl
in one addition, and then shaken overnight at 1,000 rpm. Substrates were then rinsed three times
with water and placed in a 0.5 M NaCl, 0.01 m sodium phosphate buffer (pH = 7.4), and 0.01 wt.
% SDS solution. After functionalization with thiolated DNA strands, linker strands were

hybridized to the substrate. Substrates were incubated in a solution containing 0.5 um linker and
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subsequently heated to 55 °C for 30 min, then allowed to slowly cool to room temperature to ensure

full hybridization between anchor and linker DNA sequences.

Nanocube Array Assembly. Following linker hybridization, the substrates were rinsed ina 0.5 m
NaCl, 0.01 M sodium phosphate buffer, and 0.01 wt. % SDS solution three times. Substrates were
then placed in a small cube solution and shaken at 1,000 rpm for 6 hours at room temperature.
During this time, cubes assembled preferentially into the trenches functionalized with DNA at the
bottom. After assembly, the substrate was then vigorously rinsed three times in 0.5 m NaCl, 0.01
M sodium phosphate buffer, and 0.01 wt. % SDS solutions. Then they were immersed in 80% IPA
in water (by volume) with 0.2 M ammonium acetate (AA) at 45 °C for 30 minutes to remove the
PMMA. Next, the substrates were transferred back into the buffer for optical characterization. For
SEM, substrates were rinsed three times with a solution of 80% IPA (by volume) and 0.2 m AA
and blown dry with Na. in addition to removing the PMMA, alcohol reduces the solvent polarity
around the DNA-assembled nanocube arrays, which condenses the DNA bonds between
nanoparticles and allows the structures to be transferred with little disturbance from the solution

phase to the solid state. Figure S2 and S3 show SEM images of assembled nanocube arrays.
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Figure 2-7. Large scale SEM images of assembled nanocube arrays with 500 nm periodicity. The large
circular particles are salt crystals that were dried from the saline buffer.

Figure 2-8. Large scale SEM images of assembled nanocube arrays with 700 nm periodicity
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Reflection Measurements. An inverted microscope equipped with a spectrometer consisting of a
303-mm-focallength monochromator and Andor Newton electron multiplication charge-coupled
device (EM-CCD) camera was utilized for optical measurements. A broadband halogen light
source was used. Reflected light was collected from a 32 x 32 pm? area using a 5x Nikon
microscope objective with a numerical aperture of 0.15. An optically thick (100 nm) planar gold

film was used as a reference to calibrate the reflection of gold cube samples.

Photoluminescence Measurements. Measurement was carried out in a homemade
photoluminescence setup. HeNe laser (Thorlabs) with wavelength of 633 nm was used as
excitation source. The focused laser beam was coupled into an upright microscope (Nikon Eclipse
Ti-U) with a computer controlled x-y piezo stage (Thorlabs MLS203). Emitted and reflected beam
from the sample is then filtered through a 650 nm long pass filter and coupled into a spectrometer
(Andor Technology) containing multiplication charge-coupled device (EM-CCD) (Andor
Newton). Single photoluminescence measurement was performed from an exposed area of ~ 25 x
25 um? Meanwhile, the mapping was carried out by measuring photoluminescence from an
exposed area of ~ 13 x 13 um? then scanning throughout the sample with a step length of 10 um

in both x and y direction.

FDTD Simulations. Electromagnetic wave numerical calculations were performed using the
finite-difference time-domain simulation software package Lumerical™. A unit cell of the
structure was simulated using periodic boundary conditions along the x and y axes and perfectly
matched layers (PML) along the propagation of electromagnetic waves (z-axis). Plane waves were
launched incident to the unit cell along the +z direction. A mesh override was set over the Au

cubesto 1 nm x 1 nm x 1 nm with a variable length buffer representing the gap distance. Refractive
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indices were taken from literature!®! for Si and Au while the DNA and background indices were

set to a constant 1.35.

Fluorescence Enhancement Factors
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Figure 2-9. PL mapping of the control sample and the sample with cubes arrays. (top) PL enhancement
factors for 0%, 20%, and 40% ethanol concentration. (bottom) Enhancement factors calculated by dividing
the PL of the sample with cube arrays by the PL of the control sample at each periodicity.
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Effect of Gap Length on PL
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Figure 2-10. a) Reflection measurements for a 400 nm periodicity array at various ethanol concentrations.
b) The corresponding PL measurements. c) Reflection measurements for a 500 nm periodicity array at
various ethanol concentrations. d) The corresponding PL measurements.

Discussion. In order to study the effect of changing gap distance on PL, we studied PL at various
gap distances for 400 nm and 500 nm periodicities. To accomplish this, we collected reflection
and PL measurements at 20% intervals of ethanol concentrations between 0 and 60%. For a 400
nm period array a gap mode occurs near 700 nm (Figure S5a). As seen in the figure, the gap mode

resonance begins at 698 nm when at 0% ethanol and continually redshifts to 710 nm when at 40%
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ethanol. The source of the shift is understood to be a cause of the continuous contraction of the
DNA, which is estimated to yield a 2 nm reduction in gap size by correlating experimental and
simulated reflection dips. During this small contraction the PL is not significantly affected and
retains a similar PL intensity and spectral shape up to 40% ethanol concentration as is shown in
Figure S5b. After increasing the ethanol concentation past 40%, however, the gap resonance
redshifts above 800 nm, which broadens the PL spectrum as it follows the resonance and suggests
an estimated gap distance of 7 nm. A second reflection peak is present for the 500 nm periodicity
array where there exists both a lattice and gap mode near the dye emission wavelength (Figure
S5¢). PL maps shown in Figure S5d show a similar negligible effect on PL shape and intensity up
to 40% and broadening at higher ethanol concentrations. Here, PL is likely enhanced by both the

lattice and gap modes simultaneously.
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CHAPTER 3

Mie-Resonant Three-Dimensional Metacrystals

This chapter is based on published work:

S. Kim*, C.Y. Zheng*, G.C. Schatz, C.A. Mirkin, et al., “Mie-Resonant Three-Dimensional
Optical Metacrystals” Nano Letters, 2020, 20, 11, 8096. (*indicates equal contribution).

3.1. Introduction

The notion of meta-atoms® — that refer to resonant or non-resonant nanoparticles (NPs)
comprising optical metamaterials?®®° — has become a tool for understanding how metamaterial
properties evolve from their primitive building blocks. It has enabled the rational design of meta-
molecules'?® based on clusters of NPs in distinct geometries that exhibit novel properties such as
chiroptical activity and optical magnetism.'?” On a larger scale, lithographically patterned 2D
metasurfaces® have enabled the development of material analogues that have unusual properties
including near-zero*?® or negative'?® refractive indices, very large electric permittivities,** and
negative permeabilities,*** which have led to applications in optical sensing,**? metatronic
nanocircuitry,'** and achromatic flat metalens development.® In contrast, bottom-up colloidal
crystal engineering with DNA%7"8 has yielded 3D metamaterials that cannot be prepared by
lithographic methods. Characterization of these 3D metamaterials has uncovered epsilon-near-zero
(ENZ) properties,® photonic band gaps,®? and unusual optical metallic scattering capabilities.®* In
these studies, the meta-atom or NP concentration was in the dilute regime, where NPs do not
interact with their neighbors. However, closely packed 3D metacrystals, where the constituent
meta-atoms strongly couple to each other, should have optical properties substantially enhanced

from those of the constituent materials.>**® Here, we use DNA-mediated programmable assembly



to prepare superlattices (SLs) of Au nanocubes
closely packed with controlled, sub-10 nm gap
distances in simple cubic geometries. Indeed,
these isotropic 3D metacrystals exhibit
unnaturally high refractive indices due to the
strong capacitive coupling of neighboring
metallic nanocubes, giving rise to tunable mid-
infrared Mie resonances in sub-micron SL
a novel

habits, property heretofore never

observed.

3.2. Results and Discussion

To explain the working principle
underpinning these novel metacrystals, we
compare them with atomic crystals, an analogy
commonly used to describe the mechanistic
origins of meta-optical properties. When a NP
comprised of an atomic crystalline material
resonates with an external time-varying electric
field, the microscopic descriptions of the
Lorentzian resonances differ according to the

dielectric properties of the material. The

determining parameters assume several forms

56

Atomic Crystal
& n

Metacrystal

Eeff» Heffs Neff

Tl

(
~
-

L

Figure 3-1. Depiction of the working principle
of a metacrystal. a) Atomic crystal with
complex (real and imaginary components)
dielectric  functions can support either
plasmonic or dielectric resonances. b) A
metacrystal composed of Au nanocube meta-
atoms that exhibits a dielectric Mie resonance.
¢) Microscopic picture of the boxed region from
panel b showing DNA programmable bonding
of two polarized Au nanocubes through
hybridization. The molecules shown at the
bottom are the DNA with sticky ends that are
immobilized on the cubes. d) Finite-element
model showing a capacitively enhanced dipole
moment in a small hanogap.
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including complex electric permittivity (€), magnetic permeability (j7), and refractive index (7).
The two most common resonant modes in NPs are plasmonic and dielectric Mie resonances®
(Fig. 3-1a). In a plasmonic NP, an incoming electric field will displace the free carriers in a
direction opposing the driving field, creating a linearly polarized dipole moment. In contrast, in a
dielectric NP, each bound charge will be polarized by an electric (magnetic) field, producing a
circular displacement current loop, which in turn induces a penetrating magnetic (electric) dipole.
From finite-element modeling (FEM), we predict a hybrid behavior from these
metacrystals, which are micron-sized, cube-shaped SLs consisting of Au nanocubes equally spaced
in 3D arrays (Fig. 3-1b): each plasmonic nanocube meta-atom should experience a linear
polarization under an electric field (Fig. 3-1c) leading to a collective electric displacement current
loop inside the metacrystal, which induces a dielectric magnetic dipole Mie resonance (Fig. 3-1b).
This unique behavior arises because the highly polarizable metallic nanocubes are separated by
insulating gaps, DNA duplex bonds in these experiments (Fig. 3-1c). This structure is analogous
to the internal structure of dielectric materials where the polarizable atoms are interconnected by
covalent bonds. The optical properties of the metacrystal can thus be described by effective optical
constants including &,¢¢, fi.rf, and i,f¢. Furthermore, the electric response of each meta-atom is

significantly enhanced when the interparticle distances are under 10 nm because the large gap

capacitance between neighboring nanocubes induces an even stronger polarizability (Fig. 3-1d).

The FEM of a cube-shaped metacrystal with a cubic symmetry and edge length, L = (a+g)
x N, where a is the edge length of the constituent nanocubes, g is the gap distance, and N is the
number of nanocubes in each dimension sheds light on properties of this novel system (Fig. 3-2a).

To accurately analyze it, we employed full-structure calculations in 2D and an effective medium
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Figure 3-2. FEM analysis of metacrystals. a) Model SL with an edge length L, determined by the cube size
a, gap distance g, and number of particles in each dimension N. b) & .¢¢ (top), i ¢ s(middle), and 7 s
(bottom) as a function of g for a SL with a = 60 nm. ¢) Simulation geometry (top) and Qsca Spectra with
varying gap distance (bottom) of a two-dimensional SL of infinite Au bars with a = 60 nm and N,y = 10.
Red triangles denote the two lowest-order modes for g = 2 nm. d-e) Effective medium equivalents of panel
¢ in two- (d) and three-dimensions (e). f-i, Field patterns of the first (f, h) and second (g, i) lowest modes
from panels c (f,g) and e (h,i), respectively. Colors and black arrows represent normalized H; and the electric
field vector, respectively.

approach in 3D since full-structure 3D modeling is nearly impossible due to the required large
computation size. The effective medium description combines a rigorous analytical model from
the literature with a parameter retrieval method from FEM to accurately determine both the real

and imaginary parts of the effective constants (see Experimental Details).

Effective parameters were calculated in the long wavelength quasi-static regime (2-12.4
pm) as a function of gap distance. The calculations were performed away from geometry-
dependent resonances such as a Fabry-Pérot (FP) etalon to accurately account only for bulk
properties (Fig. 3-2b, 3-9). Importantly, the size of the nanocubes (60 nm) and gaps (2-15 nm)

were chosen in the experimentally accessible range, as opposed to the hypothetical ones used to
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establish records based upon calculations.} 13137 The plot shows that the real parts of the effective
permittivity and permeability increase and decrease, respectively, with increasing gap distance.
Due to the close similarity in curve shapes, the effective refractive index is clearly dominated by
the permittivity. Both diverge as gap distance decreases, which is attributed to the inverse
dependence of gap capacitance on gap distance. At 2 nm, the smallest gap currently achievable
through DNA-mediated assembly,**® the off-resonance permittivity and refractive index reach ~70
and ~8, respectively, much higher than those of common high-index materials in nature (Ge, GaAs,
or SiC).1% with gap distances much larger than the values investigated in this work, capacitive
coupling vanishes, and the overall volume fraction of the dielectric gap material significantly
increases. In this case, the SLs start to behave as Maxwell-Garnett-type effective media in which
the photonic and plasmonic characteristics are mainly dictated by the dielectric material and Au

nanoparticles, respectively.4

Figs. 2c-e show a progression of simulation geometries from a 2D full-structure, to its 2D
effective medium analog, and finally to the isotropic 3D geometry. In the 2D model, the scattering
efficiency (Qsca) Was calculated for a 10x10 square array of infinitely-long Au bars with a = 60
nm and varying gap distances. We observe two Mie scattering peaks that shift to longer
wavelengths when the gap distance is reduced from 10 to 2 nm (Fig. 3-2c), as expected due to the
increasing effective refractive index (Fig. 3-2b). Notably, a 10-fold mode volume reduction is
observed at the fundamental mode at 6.86 um for g = 2 nm, where the metacrystal edge length is

only 0.62 pm.

When the array of Au bars is replaced by a single block of the effective medium of the

same metacrystal size (Fig. 3-2d), with parameters extracted from Fig. 2b, the Qsca Spectra are
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reproduced with near perfect agreement in peak positions and linewidths, validating the accuracy
of the calculated effective parameters. Therefore, this effective medium approach should provide
accurate modeling of a single cubic 3D metacrystal (Fig. 3-2e). Indeed, most features are
maintained in the spectra of 3D effective medium metacrystals, with only slight blue-shifts of the

peaks caused by truncation in the z-direction.

The field patterns of the two lowest-order Mie modes from the 2D full-structure
calculation, denoted with red triangles in Fig. 3-2c, are shown in Fig. 3-2f-g. Black arrows
represent one and two electric displacement current loops formed in the TEo: (Fig. 3-2f) and TE1:
(Fig. 3-2g) modes, respectively, and the red-to-blue color scale represents induced magnetic fields
oriented along the infinitely-extended z-direction (see 3-10 for electric field patterns). The grid
lines arise from the highly concentrated fields inside the dielectric gap regions. Identical magnetic
field profiles are observed from the two lowest modes of the 3D effective medium calculation (Fig.
3-2h-i), indicating that the resonance patterns are well preserved with an additional truncation in
the z direction. These two modes are the magnetic dipolar (MD, Fig. 3-2h) and electric dipolar
(ED, Fig. 3-2i) Mie resonances, respectively (Detailed electric and magnetic field patterns shown

in Fig. 3-11). These Mie resonances are tolerant to various types of lattice defects (Fig. 3-12).

To experimentally realize these unusual metacrystals, colloidal crystal engineering with
DNA was used to assemble Au nanocube SLs. In order to observe strong capacitive coupling
between individual nanocubes, it was critical to synthesize SLs from sufficiently large particles (>
60 nm) but with small interparticle spacings (< 10 nm). The assembly of such high volume-fraction
(>70 %) SLs, previously elusive due to the formation of amorphous, Kinetic structures,'** was

enabled by the addition of flexible spacer units in both the anchor and linker sequences. In a typical
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experiment, we synthesized Au nanocubes with an average edge length of 67 nm (Figs 3-6, 3-7)
and densely functionalized their surfaces with 3’ propylthiolated anchor DNA. Upon adding linker
DNA complementary to the anchor strand, but with a self-complementary binding region (Table
3-1), the DNA-functionalized nanocubes rapidly assembled. Next, the solution was slowly cooled
through the DNA melting temperature, forming single crystals with a simple-cubic geometry. The

SLs were transferred to the solid state by embedding in SiO2 matrix, yielding a lattice parameter
a b
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of ~73 nm, and cube-shaped crystal habits (Fig. 3-8). With these lattice parameters, we estimate

an effective refractive index of 4.7.

Figure 3-3. Single-SL extinction measurement with synchrotron infrared radiation. a) Illumination
geometry of the measurement. The spot size of the diffraction-limited beam is on the order of A/2. The size
of the SL is exaggerated for visualization. b) False-color SEM images of a SL from the top (top) and at a
40° tilt angle (bottom); scale bar, 1 um. c-d) Measured (c) and calculated (d) optical spectra of the SL from
panel b. The two lowest-order modes are denoted with asterisks. The SiO; stretching region is highlighted
in orange. False color is used to guide the reader to the portion of the sample responsible for the observed
effects.

We performed far-field Fourier-transform infrared (FTIR) extinction measurements using

a synchrotron infrared beamline with sufficient radiation output to collect the scattering response



from single metacrystals (Fig. 3-3a). An
intense, coherent infrared beam was
focused by a Cassegrain objective to a
diffraction-limited spot size (on the order
of 1/2) and directed to the target
metacrystal on a double-side-polished Si
substrate. The experimental extinction
spectrum for the metacrystal in Fig. 3b
shows two clear peaks at ~7.3 and ~5.7
pm (Fig. 3c, Fig. 13

for size analysis). Calculated extinction
spectra show good agreement with the
experiment (Fig. 3-3d). Higher-order
peaks appearing in the short wavelength
region of the calculated extinction spectra
are not clearly resolved in the
measurement due to low coupling

efficiencies and inevitable spectral
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Figure 3-4. Size-dependent tunability of Mie
resonances. a) Spectral tuning of Mie resonances of an
effective metacrystal with increasing habit size in
increments of 144 nm. b) False-color SEM images of
SLs with varying habit sizes at a 40° tilt angle; scale bar,
1 um. ¢) Normalized experimental extinction spectra of
SLs from panel b. Each curve vertically offset by 0.5.
The SiO; stretching region is highlighted in orange.

broadening. It is worth noting that absorption contributions are substantially lower than scattering

contributions (Fig. 3-3d) because most of the electric field is concentrated inside the gap regions

(Fig. 3-10). This low-loss characteristic, analogous to that of metal-insulator-metal (MIM)

waveguides, distinguishes these metacrystals from infrared surface plasmon nanoantennas,**? and

should enable various technologies that have previously been limited by the high Ohmic losses of
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plasmons. Additionally, the highly concentrated electric fields distributed throughout the interior
of the Mie-resonant metacrystals can enable applications such as cavity-enhanced catalysis
through the infusion of molecules into the gaps.*®

The wavelengths of NP Mie resonances are tunable through resonator size. Similarly, Fig.
3-4a shows a smooth tuning of the metacrystal Mie resonances spanning the mid-infrared spectrum,
as the metacrystal size (a = 66 nm and g = 6 nm) increases from 720 (N = 10) to 1584 nm (N =
22). This size-dependent tunability is experimentally validated through FTIR measurements of
metacrystals with the same lattice parameters and varying habit sizes (sub-micron to 2 um). A
clear trend, of the resonance peaks moving toward longer wavelengths as crystal size increases, is
observed (Fig. 3-4b,c). However, detailed spectral features vary for different samples, likely
caused by defects in the metacrystals as well as their non-unity aspect ratios. Nevertheless, this
measurement clearly demonstrates the ability of these programmably-assembled 3D metacrystals

to give rise to tunable mid-infrared Mie resonances.
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Figure 3-5. Left-handed array of cuboidal metacrystals. a) Illustration of an array of cuboidal metacrystals
where a = 60 nm; g = 10 nm; Nx = Ny = 15, N,= 7; and array periods Ax = Ay = 2L« = 2Ly. b) Simulated real
parts of the &, . (dashed blue) and p, ¢ (solid green) of the array from panel a simultaneously exhibit
a negative region (red shade). c) Simulated real part of the n,f of the array.
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To apply Mie resonant particles to practical applications, researchers have engineered them
to support MD and ED in a close spectral range and arranged them into arrays to allow the modes
to overlap. This overlap of modes induces a variety of complex interference effects such as optical

144 and complete scattering suppression.**® It can also lead to

bound states in the continuum
simultaneous negative permittivity and permeability, known as optical left-handedness, or
negative refractive index,* and we therefore hypothesize that a rationally designed array of our
3D metacrystals could exhibit this effect. Indeed, we designed a periodic array of cuboidal
metacrystals which have overlapping MD and ED at ~3.1 um (Fig. 3-5a). Both permittivity and
permeability (Fig. 3-5b) show Lorentz oscillation features with negative values around 3 pm,
giving rise to a doubly negative region (red shade in Fig. 3-5b) and a spectral band of negative
refraction in this range (Fig. 3-5¢). Interestingly, we also observe completely suppressed reflection
here (Fig. 3-14), which is caused by matched values of permittivity and permeability. The ability
to engineer left-handed metacrystal arrays will inspire future studies of invisibility. Additionally,
further development of metacrystal assembly on surfaces should allow for the fabrication of

functional devices, including active metasurfaces through the reversible tuning of stimuli-

responsive DNA.

3.3. Conclusions

In conclusion, we have realized a new class of isotropic 3D optical metacrystals by
precisely assembling Au nanocubes into closely packed SLs with well-defined crystal habits
through DNA-mediated assembly. The metacrystals exhibit unnaturally high refractive indices and
low losses, and their well-formed habits (cube-shaped, in this case) give rise to multipolar Mie

resonances, which we experimentally observed using synchrotron FTIR. Notably, we have reduced
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to practice a generalizable approach to meta-photonics, where individual metallic nanocubes are
arranged by the sequence-specific binding properties of DNA and behave as meta-atoms to
produce unnatural optical behavior. Finally, as a proof-of-concept of the cloaking potential of such
structures, we simulated arrays that exhibit negative refractive indices. Therefore, this system for
engineering new metacrystal geometries will allow for the systematic study of structures not

attainable by conventional methods but ones likely to exhibit unexplored metaphotonic properties.
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3.4. Experimental Details

Materials and Methods

Nanocube synthesis and characterization. All precursors were purchased from Sigma-Aldrich
and used without further purification. Uniform Au nanocubes were synthesized using a seed-
mediated method developed by O’Brien et al.%% which yields >95% of the desired shape with <5%
variation in size. In brief, single-crystalline spherical Au nanoparticles were synthesized and
chemically refined through iterative reductive growth and oxidative dissolution reactions leading
to uniform spherical nanoparticles, which were subsequently used as seeds to template the growth

of anisotropic nanoparticles, including these nanocubes.

Figure 3-6. STEM image of Au nanocubes with an average edge length of 67 £ 2 nm.
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Figure 3-7. Distribution of edge lengths measured from 200 nanocubes.

Nanocubes were imaged on a Hitachi HD2300 STEM with an accelerating voltage of 200
kV in Z-contrast mode and the edge lengths of 200 nanocubes were measured using ImageJ. The

average edge length of the cubes was determined to be 67 £ 2 nm.

DNA synthesis, purification, and design. All oligonucleotides used in this work were synthesized
on a BioAutomation MerMade 12 (MM12) automated oligonucleotide synthesizer using reagents
purchased from Glen Research. After synthesis, all DNA was purified with reverse-phase high-
performance liquid chromatography (HPLC, Agilent) followed by standard deprotection
procedures. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) was used to characterize the purified oligonucleotides and confirm their

molecular weight.

The DNA sequences used in this work are listed in Table 1 and are taken from the literature.
Black denotes spacer regions, purple denotes thiols, blue denotes complementary regions in the

anchor and linker strands, and red denotes the self-complementary sticky end binding region. Sp18
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is a hexaethylene glycol spacer unit used to increase flexibility of the DNA. The sequences were
modified such that the single-stranded spacer regions in both the anchor and linker were replaced
with more flexible sp18 spacer units. The extra flexibility was needed so that large nanocubes
functionalized with short DNA ligands could form well-defined single crystals instead of the

amorphous, kinetic structures that otherwise form.

Table 3-1. DNA sequences used in this work

Name Sequence (5’ to 3’)
Anchor (sp18)2 SH
Self-Complementary Linker (sp18) GCGC
Self-Complementary Linker for A GCGC
Control in Fig. S3

Nanocube functionalization and assembly. Nanocubes were functionalized using a procedure
modified from that described by Jones et al.}* and O’Brien et al. Briefly, 3’ propyl-modified
oligonucleotides were first treated with a 100 mM solution of dithiotreitol (DTT) in 170 mM
sodium phosphate buffer (pH = 7.4), followed by purification on a Nap-5 size exclusion column
(GE Life Sciences) to remove excess DTT. During this time, 1 mL aliquots of the as-synthesized
cube solutions (~ 1 OD) were centrifuged for 8 min at 5,800 rpm, the supernatant was removed,
and the nanoparticles were resuspended in water. The cubes were then centrifuged a second time
for 8 min and 5,800 rpm, the supernatant was removed, and then purified DNA was added to the
pellet. 1 OD of DNA was added per each 1 mL of particles. The particle solution was then brought
to 0.01 M sodium phosphate buffer (pH = 7.4) and 0.01 wt. % sodium dodecyl sulfate (SDS) in

water. Stepwise addition of 2 M NaCl was carried out every half hour, such that the NaCl
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concentration was increased to 0.05 M, 0.1 M, 0.2 M, 0.3 M, 0.5 M respectively. Following this
process, the nanoparticles were placed on a shaker at 1,000 rpm and left overnight to ensure a
dense loading of oligonucleotides. After functionalization, the nanoparticle solutions were
centrifuged three times to remove excess DNA. After each of the first two rounds of centrifugation,
the nanoparticles were resuspended in 0.01 wt. % SDS, and after the last centrifugation step, the
particles were resuspended in 0.3 M NaCl, 0.01 M sodium phosphate buffer (pH = 7.4), and 0.01
wt. % SDS. To the nanoparticle solution, 25,000 linker strands were added per nanoparticle (in
excess of the number of thiolated strands). Nanoparticle solutions were prepared such that the final
concentration was 8 OD in a total volume of 100 pL. Each solution was then pipetted into 200-pL
PCR eight-tube strips (Life Technologies) and placed into a thermal cycler (Life Technologies).
The temperature of the thermal cycler was slowly cooled from 70 °C (where the particles are fully
discrete) to 20 °C (where the particles are fully associated) for all samples at a rate of 0.1 °C/10
min. The slow speed of this temperature change ensures that the system has enough time to reach

equilibrium at each temperature.

Silica embedding of SLs. Nanocube SLs were encapsulated in silica according to literature
precedent. This method largely preserves the crystal symmetry and lattice parameters of the lattice
in the solid state. Slow-cooled samples were transferred to a 1.5 mL Eppendorf tube, and the
volume was brought up to 1 mL with an overall NaCl concentration of 0.5 M. To this solution, 2
uL of the quaternary silane salt, N, trimethoxysilylpropyl-N,N,N-trimethylammonium chloride
(TMSPA), was added and the tube was mixed at room temperature on a thermomixer (Eppendorf)
at a rate of 700 rpm for 30 min. Then, 4 pL of triethoxysilane (TES) was added to the solution and
allowed to form a silica network around the entire lattice. The mixture was left on the thermomixer

at 700 rpm for four days, followed by three rounds of centrifugation, removal of supernatant, and
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resuspension in Nanopure water. Note, in the case of successful silica embedding, the addition of

water does not result in lattice dissolution (i.e., the solution does not turn pink).

SL characterization. SLs were imaged on a Hitachi SEM SUB8030 instrument at an accelerating
voltage of 5 or 30 kV. Silica-embedded SLs were redispersed in 100 pL of ethanol and the solution
was vortexed to break up aggregates. Next a 5 uL droplet of the solution was drop-cast onto a

small piece of silicon wafer.

SLs assembled with a sp18 unit in the linker formed crystals with larger domain sizes, and
a higher proportion of well-formed crystal habits (Fig. 3-8a,c,d) compared to those assembled
without one (Fig. 3-8b). High-magnification images were taken of the SLs surfaces using an
accelerating voltage of 30 kV (Fig. 3-8e) to quantify the periodicity of the SLs and deduce their
gap distance by subtracting the average cube size measured from STEM images (67 nm).
Periodicity was measured using ImagelJ. Specifically, the distance across 3 periods was measured
for higher precision, and then this value was divided by 3 to obtain the periodicity. This
measurement was done for 50 different regions and averaged. The average periodicity was

determined to be 73 nm giving an average gap of 6 nm.
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Figure 3-8. a) Large-area SEM images showing SLs formed with our modified DNA design. b) SEM image
of SLs formed with the same DNA design except with the sp18 unit in the linker replaced by a single-
stranded A base. ¢c-d) Magnified SEM images of representative SLs in a. e) High-magnification SEM image
of a SL surface used to quantify gap size.
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Removal of excess silica. Because silica exhibits strong absorption in the mid-IR region, excess
silica formed during the embedding process had to be removed before optical characterization. To
do this, a density gradient separation method was employed. 50 uL. of sodium metatungstate
solution was pipetted to the bottom of a 1.5 mL Eppendorf tube and 30 pL of the silica embedded
SLs in water was added to the top of the sodium metatungstate solution, forming two layers. After
12 h, all the SLs fell into the bottom layer because of their heavier density, while the excess silica
remained in the top layer. The top layer was carefully removed with a pipette. To remove the
sodium metatungstate, the SLs were washed 5x with water, centrifuging each time at 12,000 rpm

for 10 s and subsequently removing the supernatant. The SLs were redispersed in 100 puL of water.

Sample preparation for synchrotron measurements. Double-side-polished silicon wafers were
cut into ~1.5 x 1.5 cm? pieces and cleaned by sonicating in acetone and IPA and then blown dry
using N2. Next, the wafers were plasma cleaned with an Oz plasma at 50 W for 5 min. Immediately
following plasma cleaning, 10 puL of the SL solutions were dropped onto the wafer and the wafer
was placed in a desiccator to dry. Isolated SLs of desired sizes for synchrotron FTIR measurements
were found using SEM and their positions on the substrate were tracked with a series of SEM

images at different magnifications and corresponding optical microscopy images.

Finite-Element Modeling. Numerical modeling was performed using COMSOL Multiphysics
with the wave optics module. The effective parameters were extracted by a modified Nicholson-
Ross-Weir (NRW) method from full-field calculations using infinite slabs of SLs. A refractive
index of 1.5 was used for silica and DNA. Scattering calculations in 2D and 3D geometries were
performed with SL structures under a plane wave surrounded by a large air domain terminated by

perfectly matched layers. The calculation for Fig. 5 was performed using an effective crystal with
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optical constants derived from Fig. 3-2b with an in-plane periodic boundary condition. The mesh
size in the Au bars and gap region was set to no larger than the gap distance, and a predefined extra
fine mesh size was used for the rest of the simulation region. The calculations were done in the
frequency domain using a direct solver. The scattering and absorption efficiencies were calculated
by integrating relative normal Poynting vectors around the SL boundaries (scattering) and power
loss in the SL volume (absorption) normalized by the illumination power density and physical

cross-section of the SLs.

Synchrotron Extinction Measurements. SL samples were dispersed in water and drop-casted on
double-side-polished <100> silicon substrates (University Wafer) and dried under vacuum. The
samples were placed on an FTIR microscope equipped with a Mercury-Cadmium-Telluride (MCT)
detector (Nicolet, Thermo Fisher) in the far-field infrared beamline (1.4) at the Advanced Light
Source, National Lawrence Berkeley Laboratory. Synchrotron infrared radiation was directed
through a Cassegrain objective lens with 36x magnification and focused into diffraction limited
spot sizes. Blank measurements were collected from clean regions of the Si substrate, and the
sample measurements were collected with the beam focused on the SLs of interest. Transmission

(T) was measured by averaging 256 scans for each sample, and extinction was calculated by 1-T.

Determination of complex effective parameters of Au nanocube SLs. The real and imaginary
parts of effective permittivity and permeability were calculated with a modified Nicholson-Ross-
Weir (NRW) method and extrapolated to the bulk limits. First, we consider infinite 2D slabs of Au
nanocube SLs with a = 60 nm, g = 2 nm, and thickness varying from 1 to 5 layers. With the S-
parameters obtained from FEM, we retrieve the real and imaginary parts of the permittivity (Figs.

3-9a,b) and permeability (Figs. 3-9c¢,d). We only show values for wavelengths longer than the
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positions of the first FP modes (FPo) to eliminate artifacts associated with a phase-inversion (see
Fig. 9e for the phase-corrected permittivity curve for 5 layers). The plots in Fig. 3-9a-d show that
all curves converge to single values, indicating that the optical constants away from the FP modes
do not depend on the number of layers. Upon closer inspection of the tail regions (insets of Figs.
3-9a and c), we find that the asymptote values slightly decrease as more layers are added but
approach the bulk limits obtained by analytical modeling. We thus adopt these bulk values in all
subsequent analyses. For the imaginary parts, we estimate the bulk limits by extrapolating to
infinity the values obtained for several finite thicknesses, using the multiplication factor obtained
from the real part. Specifically,

real(2) — real (o)
real(2) —real(5)

imag(o) = imag(2) — [imag(2) — imag(5)] *

where imag(m) and real(m) are the imaginary and real parts of the optical constants, respectively,

for an m layer slab of Au nanocubes.

This calculation was repeated for g values from 2 to 10 nm, and the long-wavelength values
of the real and imaginary parts of effective parameters obtained at 12.4 mm are plotted in Fig. 2b
of the main text. We assume that the effective parameters are wavelength-independent in the 2-15
mm wavelength range because this is within a non-dispersive quasi-static regime for Au nanocubes

of the sizes used in this study.
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Figure 3-9. Effective optical constants of nanocube SL slabs of varying thicknesses. a-d) Real (a, ¢) and
imaginary (b, d) parts of the retrieved effective permittivity (a, b) and permeability (c, d) of nanocube SL
slabs with a = 60 nm, g = 2 nm, and varying number of layers from 1 to 5. Insets in panels a and ¢ are
magnified views of the boxed regions. Bulk values in the insets are from an analytical model. e) Real part
of the effective permittivity for 5 layers with phase corrected before and after the first FP mode (FPo).
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Figure 3-10. Electric field enhancement patterns of TEo; (a-b) and TE1: (c-d) modes from Fig. 2f-g. Panels
b and d are magnified views of the boxed regions in panels a and c, respectively.
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Figure 3-11. Field patterns of the MD and ED resonances in 3D metacrystals. a) Illumination geometry for
a metacrystal. b) Calculated scattering spectrum of an effective metacrystal corresponding to a = 60 nm, ¢
=2 nm, Nx = Ny = N, = 10. c-h) Magnetic (top) and electric (bottom) field patterns of MD (c-d) and ED (e-

h) for different plane projections.
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Figure 3.12. Effect of various defects. Simulation geometries (top) and calculated scattering spectra
(bottom) of metacrystals with a = 60 nm, g =2 nm, and N = 10 with no defects (a), missing particles on the
surface (b), random vacancies (c), a hollow core (d), and a misaligned outermost shell (e). The main spectral
features are preserved in all cases, albeit with minor shifts in peak positions.
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17 x21x22

15x23 x 24

13x17x 21

10x11x17

10x12x 14

Figure 3-13. Size analysis of SLs used for measurements shown in Fig. 4. Top-view SEM images (left),
tilted images at a 40° angle and various azimuthal angles (middle), and dimensions (x X y x z) of each SL
in terms of the number of nanocubes (right). All scale bars, 1 mm.
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Figure 3-14. Calculated reflection and transmission spectra of the array of metacrystals shown in Fig. 5.
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CHAPTER 4
Low Density 2D Superlattices Assembled via Directional DNA Bonding

This chapter is based on published work:

Z. Miao*, C.Y. Zheng*, G.C. Schatz, B. Lee, C.A. Mirkin, et al., “Low Density 2D Superlattices
Assembled via Directional DNA Bonding” Angewandte Chemie Int. Ed. 2021, 60, 19035.
(*indicates equal contribution).

4.1. Background

Colloidal nanoparticle (NP) superlattices (SLs) can behave as metamaterials with unique
optical >4 electrical, ¥4 and magnetic*® properties based on the structure-dependent
interactions between the particles that comprise them. As such, researchers have devoted
significant effort towards developing methods to prepare ordered assemblies of colloidal NPs with
control over various structural parameters.>>149-152 Colloidal crystal engineering with DNA, which
utilizes DNA-grafted NPs as “programmable atom equivalents” (PAEs), has arisen as a versatile
method to fabricate SLs with remarkable control over lattice symmetry and spacing independent
of the size, shape, and composition of the NP core.>*""# Indeed, this method has been used to
prepare SLs in solution with over 50 distinct symmetries, some displaying interesting optical
properties, including birefringence,®* unnaturally high refractive indices,*® and directional
emission.*® Furthermore, thin-films of spherical PAEs have been assembled on substrates with
control over crystal thickness and orientation,'*3>* opening the door to the measurement of their
optical® and mechanical properties'®® as well as their integration into devices.?®” Although the
feasibility of this surface-bound growth technique has been demonstrated using spherical PAEs,
anisotropic PAEs have not yet been explored in this context, and these particles offer an additional
degree of structural control in assembly due to shape-induced directional bonding.>®1%81%° |n

addition, films of anisotropic plasmonic NPs may find even greater applicability in optical devices
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compared to their spherical counterparts due to the strong shape- and size-dependent scattering of
the individual NPs!®®1¢! and the extreme electric field confinement between neighbouring
NPS.155’162'163

In this work, we investigate the assembly of complementary systems of Au PAEs with three
polyhedral cores — cubes, octahedra, and rhombic dodecahedra (RD) — into thin-films on DNA-
functionalized substrates. We predicted that, in accordance with previous studies and the
complementary contact model (CCM)** involving the DNA-mediated assembly of polyhedral
PAEs in solution, these PAEs would thermally reorganize into SL films with symmetries that
maximize the face-to-face interactions between particles.'?®> Moreover, we expected the bottom-
most layer of NPs to orient with their facets parallel to the flat substrate in order to maximize DNA
binding, as predicted by the CCM.>* Because SL orientations resulting from large NP facets
parallel to the substrate do not necessarily expose the closest-packed planes of a specific system,

we hypothesized that this approach could allow for the assembly of open 2D lattices.

4.2. Results and Discussion

Indeed, although we found that cubic PAEs form close-packed films, we saw that RD
PAEs, which form face centered-cubic (FCC) lattices in solution with {111} closest-packed
planes, rearrange into 2D films on surfaces with a rhombic symmetry (corresponding to the open
{110} planes of an FCC lattice). Furthermore, octahedral PAEs, which form body-centered cubic
(BCC) lattices in solution with {110} closest-packed planes, rearrange into 2D films on surfaces
with a honeycomb symmetry, corresponding to the open {111} planes of a BCC lattice. Neither of
these unusual 2D lattices have been obtained by conventional entropy-driven NP crystallization,
in which the formation of close-packed arrangements is favored.'®1%* Open structures are

desirable in applications, spanning sensing to nanophotonics.?®21% Taken together, our results
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provide fundamental insight into the growth of PAE SLs on substrates and demonstrate the
capability of colloidal crystal engineering with DNA for preparing optical metamaterials with

unusual, but potentially useful properties and functions.

a)l

PAE A Buffer

b) X I

Figure 4-1. a) Schematic of the DNA design. A hetero-complementary DNA system is used. PAE A and
the substrate are functionalized with A-type DNA (red), while particle B is functionalized with B-type DNA
(blue). The stacked configuration is observed prior to annealing. b) Schematic of the assembly process. c)
SEM image of an unannealed two-layer assembly. d) SEM image of the thermally annealed crystalline PAE
monolayer thin-film.

To assemble films with controlled thicknesses, we utilized a binary system of “A” and “B”-
type polyhedral PAEs, where DNA A and B are comprised of complementary “sticky ends”
(Figure 4-1a). First, we grew two-layer amorphous films by functionalizing a Au-coated wafer
with A-type DNA and then assembling B-type PAEs followed by A-type PAEs (Figure 4-1b,c).
Next, the film was annealed just below the melting temperature of aggregates of PAE A and PAE
B (Tm), allowing for its rearrangement into an ordered 2D, single-layer SL (Figure 4-1d). Finally,

the samples were transferred into the solid state by embedding them in a silica matrix,%® and
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scanning electron microscopy (SEM) and grazing-incidence small-angle X-ray scattering
(GISAXS) were performed. Large-area SEM images show that these films were grown in high
uniformity over macroscopic areas (Figure 4-26). Importantly, although the resulting annealed
films appear as monolayers in top-down SEM images, depending on the system, the A and B-type
particles could be situated at different heights due to their distinct shape-driven bonding

characteristics.

Films were formed with the three different-shaped PAEs mentioned above (Figure 2). We first
examined a system consisting of cubic PAEs, which forms a simple cubic (SC) lattice with {100}
closest-packed planes in solution.[? Because cubic NPs are bound by {100} facets, when
assembled on DNA-functionalized substrates, they should orient with the <100> direction
perpendicular to the surface to maximize particle-substrate face-to-face binding. Indeed, SEM
images of an assembly of 80-nm cubic NPs revealed a 2D square lattice with individual NPs
oriented in the <100> direction (Figure 4-2a). This film is equivalent to the {100} planes of a SC
lattice. Because we utilized a binary system of cubic PAEs, where B-type PAEs are able to
hybridize with the DNA on the substrate, and where A-type PAEs are not, we predicted that
neighboring A- and B-type PAEs would be situated at different heights in these structures.
However, SEM images at 30° and 90° tilt angles (Figures 4-2c) as well as GISAXS scattering
patterns (Figure 2d) suggest that both A- and B-type cubic PAEs lie within the same plane, post-
annealing. This indicates that interparticle face-to-face hybridization interactions overcome the
repulsive interactions between the NP and substrate, which are functionalized with the same DNA.
As aresult, the binary cubic system forms a high density film that exposes its closest-packed (100)

plane even though only B-type PAEs form DNA bonds with the substrate that is functionalized
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with A-type DNA. SEM images (Table 4-2) and a fit of GISAXS data (Figure 4-9) confirm that

the films indeed adopt a 2D square symmetry with a lattice constant of 126 nm.

Next, we studied a binary octahedral system using NPs with edge lengths of 80 nm. The
assembly of octahedral PAEs and their spherical counterparts can be directly compared, since in
solution both systems form BCC SLs with RD Wulff shapes that expose their {110} closest-packed
planes.?>?81 Among the low-index planes in a BCC lattice, the packing density goes as {110} >
{100} > {111}.1%7 When assembled onto a DNA-functionalized substrate, a binary system of
spherical PAEs forms a film oriented in the <100> direction.>® Importantly, this system adopts a
non-close-packed orientation to maximize complementary NP-substrate bonds. However, unlike
with the spherical system, octahedral PAEs reorganize into buckled honeycomb structures on
substrates after assembly and annealing. This buckled honeycomb structure is equivalent to the
{111} plane of a BCC lattice, as evidenced by SEM and GISAXS (Figure 4-2i-k, Table S2).
Specifically, the GISAXS diffraction pattern can be assigned to a 2D hexagonal structure with two
NPs per lattice point (Figure 4-20b), together comprising a honeycomb structure with a lattice
constant of 165 nm. In this structure, each octahedral NP core is oriented in the <111> direction,
and the resultant film exposes the {111} plane of a BCC SL. Notably, although 2D colloidal
honeycomb SLs have been assembled using sub-10-nm NPs sub-10-nm NPs!*%68 and micron-
sized particles,®! this is the first time they have been prepared using NPs in the ~100-nm size
range, which is most relevant for plasmonics and metamaterials. In fact, lithographically patterned
honeycomb SLs at this length scale behave as the photonic counterpart of graphene, exhibiting
extraordinary phenomena including Dirac-like plasmonst®34 and complete photonic

bandgaps.[52¢]



84

a)

h

b)

c)

Figure 4-2. NP films. a,e,i) Schematics of the unit cells of cubic, octahedral, and RD PAE SLs rotated to
match the orientation of the resulting 2D films. b,f,j) Schematics and corresponding SEM images of the
resulting 2D films. Square, honeycomb, and rhombic symmetries were observed in films consisting of cubic,
octahedral, and RD PAEs, respectively. ¢,g,k) Schematics and corresponding SEM images taken at a 30°
tilt angle showing the height difference between A and B-type PAEs in each structure. d,h,I) GISAXS
scattering patterns from the samples in b,f, and j, respectively.

Furthermore, this result elucidates the effect of shape-induced directionality on thin-film
orientation. The drive of the system to maximize face-to-face interactions in polyhedral PAE
systems affects the resulting SL orientation. Our observations are explained by a simple surface
energy model, which demonstrates that when face-to-face NP-substrate interactions are present,
the surface energy of the open {111} plane becomes lower than that of the closest-packed {110}
plane (see Experimental Details). We also attempted to assemble films of octahedral PAEs with
more than two layers, but interestingly, the resulting SLs were mostly amorphous (Figure 4-19).
SEM images taken at a 90° tilt angle, post-annealing, (Figure 4-21b) revealed that A-type
octahedral PAEs were situated at heights ~25% higher than expected based on a measurement of

the bulk BCC system (Table 4-2). This result is likely due to the repulsion of the A-type octahedral
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PAEs with the A-type substrate-bound DNA. This distortion of the 3D lattice likely explains why

multi-layer crystalline films did not form.
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Figure 4-3. Assemblies of octahedral PAESs as a function of annealing temperature. a) SEM images of the
assemblies at temperatures between 41 and 45°C. Scale bars are 500 nm. b) Corresponding 2D GISAXS
diffraction spectra for the films in a). Scale bars are 5E-3 AL, ¢) UV-vis spectroscopy of octahedra PAE
aggregates in solution as it is heated. The sharp increase in absorbance at 47 °C indicates that the melting
temperature (Tm) has been reached. The first derivative of the absorbance data is plotted in gray and is used
to accurately determine Tm. d) 1D linecuts of the GISAXS spectra in b) taken at g, = 0. €) Percent order as
a function of annealing temperature.

The role of particle shape was further investigated using RD PAEs with edge lengths of 51 nm,
which assemble into an FCC lattice with {111} closest-packed planes in solution.*?®* A 2D rhombic
SL with a lattice constant of 113 nm resulted from the assembly and annealing of these particles
onto a DNA-functionalized substrate, as determined by GISAXS. This architecture can be matched
with the {110} planes of an FCC lattice (Figure 4-2k). Furthermore, SEM images taken at a 90°
tilt angle revealed that the height difference between the A- and B-type PAEs matches closely with

that of an ideal FCC lattice (Table 4-2). Similar to the octahedral and cubic systems, individual
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RD PAEs are oriented with a facet parallel to the surface, in the <110> direction in this case. As
was seen with the octahedral films, this structure is derived from the least dense of the three low-

index planes of the corresponding 3D lattice.

To better understand the reorganization process that occurs in these systems, we studied
assembly using various annealing temperatures. For example, we annealed two-layer octahedral
PAE films for 4 hours at multiple temperatures below the T of the aggregates of octahedral PAEs
A and B (determined to be 47 °C, Figure 4-5) and characterized the resulting films using SEM and
GISAXS (Figure 4-3). The SEM images indicate that the octahedral PAEs form mostly amorphous
films at temperatures far below T but gradually develop a honeycomb structure with increasing
crystallinity as the annealing temperature increases toward Tm. At temperatures just below Tm (44
°C), the films are comprised of a honeycomb structure with nearly 100% purity, but with lower
surface coverage due to the significant melting of the PAEs from the substrate (Figures 4-3a, 4-4).
Large-area SEM images (Figure 4-4) show that highly ordered films can be grown, while
maintaining high surface coverage, by annealing at 44 °C, three degrees below T, for 4 hours. In
addition, qualitatively similar results can be obtained by annealing at 45 °C for 2 hours. 2D
GISAXS patterns further elucidate this trend; the diffraction spots sharpen as the temperature
increases up to Tm (Figure 4-3b). 1D linecuts taken horizontally at g, = 0 show the appearance of
additional resolved peaks, indexed to a honeycomb structure (Figure 4-14b), indicating the
emergence of long-range order (Figure 4-3d). Furthermore, SEM images were guantitatively
analyzed using a homebuilt MATLAB script, and it was confirmed that, as temperature increases,
percent order increases (Figure 4-3c). Similar trends were observed for cubic (Figures 4-16) and
RD (Figures 4-17, 4-18) films, indicating that selecting an annealing temperature near Tm results

in the highest quality films with both optimized percent order and substrate coverage.
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The orientation of thin-films grown using DNA-mediated assembly can be altered by
modifying the substrate-bound DNA,**3 a property unique to this system. In addition to substrates
functionalized with A-DNA, we also studied the assembly of PAE films on bi-functionalized
substrates with a 1:1 ratio of A:B DNA. In the spherical BCC system, films with <100> orientation
and the closest-packed <110> orientation are obtained when mono-functionalized and bi-
functionalized substrates are utilized, respectively.> However, for polyhedral PAEs, both SEM
and GISAXS characterization indicate that the symmetries and orientations of the films assembled
on bi-functionalized substrates are the same as those assembled on mono-functionalized ones
(cubic PAEs form a square lattice, RD PAEs form a rhombic lattice, and octahedral PAEs form a
honeycomb lattice, Figure 4-11), again demonstrating the influence of directional binding. Both
octahedral and RD films exhibited slight distortions in lattice constants and bond angles, as the
second layer of A-PAEs can also form DNA bonds with the bi-functionalized substrate (Figure 4-
12).
4.3. Conclusion
In conclusion, we have utilized DNA to assemble crystalline thin-films comprised of
polyhedral NPs and studied their reorganization as a function of NP core shape, annealing
conditions, and substrate functionalization. In contrast with spherical PAEs, polyhedral PAEs form
directional bonds that maximize NP-NP and NP-substrate face-to-face interactions, resulting, in
certain cases, in more open crystallographic planes. The results demonstrate the importance of
PAE shape on the formation of SLs on substrates and provide guidelines on how to predictably
prepare desired structures by judicious choice of NP core and substrate functionalization. This

additional level of control over PAE thin-film growth and the ability to access higher energy, open
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crystallographic planes, could aid the discovery of emerging properties from the collective optical,

electrical, and magnetic responses of NPs.

30 min

2 hr

4 hr

Figure 4-4. Large-area SEM images of two-layer octahedral PAE films grown on mono-functionalized
substrates annealed at 43 °C, 44 °C, and 45 °C for 30 min, 2 hr, or 4 hr as indicated. Films annealed at 44
°C for 4 hr exhibit both high order and high coverage. Substrate annealing at 45 °C for 2 hr produces
qualitatively similar results, while annealing at 45 °C for 4 hr results in films with high percent order, but
lower coverage. Scale bars in insets are 2 pm.
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4.4. Experimental Details

Nanoparticle Synthesis. All precursors were purchased from Sigma-Aldrich and used without
further purification. Single-crystalline gold anisotropic nanoparticles (NPs) were synthesized via
a seed-mediated method described in detail by O’Brien et al.%® Briefly, uniform, single crystalline
spherical gold NPs were synthesized via an iterative chemical growth and etching process. These
NPs were then used as “seeds” for the growth of anisotropic NPs, including the cubes, octahedra,
and rhombic dodecahedra used in this work. Importantly, this synthetic procedure results in
uniform anisotropic NPs in high yield (< 5 % coefficient of variation (CV), > 90 % vyield), which
makes them ideal for the assembly of crystalline superlattices (SLs) with long-range order. The
NPs were imaged by scanning transmission electron microscopy (STEM, Hitachi HD-2300
STEM).

Substrate Preparation. Gold-coated Si wafers were prepared via e-beam evaporation.
Specifically, a Si wafer pre-diced into 5 x 5 mm squares was purchased from Ted Pella. The
diced wafer was cleaned via an O2 plasma at 50 W for 5 min. Following plasma cleaning, e-
beam evaporation (Kurt J. Lesker Company) was used to deposit a 2-nm Cr adhesion layer at 0.2

Als, followed by an 8-nm Au layer at 0.5 A/s onto the Si substrate.

NP and Surface DNA Functionalization. The DNA sequences used in this work are taken from
the literature (Table S1).12 Briefly, we functionalized the particles and substrates with 3” thiolated
anchor DNA sequences, A and/or B depending on the experiment. Then, the appropriate
corresponding complementary linker DNA strands were hybridized to the strands on the particle

surfaces or the substrates. Each linker strand included a six-base single-stranded region designed
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to link the particles A and B to each other (second layer) or to link the B-coated particles to the A-

coated substrates (first layer) through complementary DNA hybridization events.

Table 4-1. Sequences Utilized in this Work. Note that “sp18” refers to a hexaethylene glycol
spacer unit manufactured by Glen Research.

Description DNA Sequence (5 to 3°)

‘A’ anchor DNA TCA ACT ATT CCT ACC TAC (sp18). SH

‘B’ anchor DNA TCC ACT CAT ACT CAG CAA (sp18). SH

‘A’ linker DNA GTA GGT AGG AAT AGT TGAATTT AGT CAC GAC GAG

TCATTATIT AGT CACGACGAG TCATTATTCCTT

‘B’ linker DNA TTG CTG AGT ATG AGT GGA A TTT AGT CAC GAC GAG
TCATT ATTT AGT CAC GAC GAG TCATT A AAGGAA

Duplexer AAT GACTCG TCG TGA CTA AA

The NPs were functionalized using a procedure modified from that described by Jones et al.*?
and O’Brien et al.}? Briefly, 3” alkylthiol-modified oligonucleotides were first treated with a 100
mM solution of dithiothreitol (DTT) in 170 mM sodium phosphate buffer (pH = 7.4) and then
purified on a Nap-10 size exclusion column (GE Life Sciences) to remove excess DTT. Next, the
NPs were washed twice to remove excess ligands. Specifically, the NP solutions containing the
as-synthesized particles were centrifuged for 8 min at 3,800 rpm, the supernatant was removed,
and the pelleted NPs were resuspended in water. The NPs were then centrifuged a second time for
8 min at 3,800 rpm, the supernatant was removed, and then the solution of purified DNA was
added to the pellet immediately. Five pumol of thiolated DNA was added per 1 OD of particles.
The particle solution was then brought to 0.01 M sodium phosphate buffer (pH = 7.4) and 0.01 wt.

% sodium dodecyl sulfate (SDS) in water. Stepwise addition of 2 M NaCl was then carried out
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every 30 min, such that the NaCl concentration was increased to 0.05 M, 0.1 M, 0.2 M, 0.3 M, 0.4
M, and 0.5 M in turn. Following this process, the NPs were placed on a shaker at 700 rpm and left
overnight to ensure a dense loading of oligonucleotides. After functionalization, the NP solutions
were centrifuged three times to remove excess DNA. After each of the first two rounds of
centrifugation, the NPs were resuspended in 0.01 wt. % SDS, and after the last centrifugation step,
the particles were resuspended in 0.5 M PBS (0.5 M NaCl, 0.01 M sodium phosphate buffer (pH
=7.4), and 0.01 wt. % SDS). To form linker-duplexer complexes, the 20-base duplexer strands
were mixed with the linkers in a 2:1 ratio in a 0.5 M PBS solution. This solution was heated at 55
°C for 30 min and then cooled to room temperature. The duplexers hybridize with the
complementary single-strand regions of the linker strands to create a rigid DNA structure. Next, 5
nmol of the hybridized linker-duplexer complexes were added for each 10 OD of anchor DNA-
functionalized NPs in solution. The solution was again heated at 55 °C for 30 min, and then cooled
to room temperature to allow the linker-duplexer complexes to fully hybridize to the anchor

strands.

The procedure for the DNA functionalization of the substrate was similar to that for the NPs
as described above. Specifically, 1 umol of DTT-cleaved DNA (A and/or B) in water was added
to each substrate. However, instead of stepwise addition of NaCl, the substrates were brought to
0.5 M NaCl in one addition to a total volume of 500 pL per substrate, and then shook overnight at
700 rpm. The substrates were then rinsed three times with water and placed in a PBS solution.
After functionalization with the anchor DNA strands, the substrates were incubated in a 0.5 M
PBS solution containing 0.5 uM linker, pre-hybridized with duplexer, subsequently heated to 55
°C for 30 min, then allowed to slowly cool to room temperature to ensure full hybridization

between anchor and linker DNA sequences.
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Determination of PAE Melting Temperature. The melting temperatures (Tm) of each
complementary NP system were measured using temperature-dependent UV-vis spectroscopy.
First, A- and B-type PAEs were hybridized with the respective linker-duplexer complexes and
then mixed in a 1:1 ratio in 0.5 M PBS. The formation of visible aggregates could be observed
within a few seconds after mixing. Next, the solution was transferred to a quartz cuvette with a

magnetic stir bar and loaded into a UV-vis spectrometer.
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Figure 4-5. A temperature-dependent UV-vis trace used to determine the melting temperature of octahedral
PAE assemblies. The sharp increase in absorbance indicates a cooperative melting event. The melting
temperature (47 °C) is determined from the peak of the first derivative of the absorbance vs. temperature

curve.

The sample was heated from 25 °C to 60 °C at a rate of 0.25 °C/min while stirring, and the
absorbance at 260 nm (the absorbance maximum of the DNA) was recorded. The observed sharp
increase in absorbance is representative of the cooperative melting behavior of the DNA bonds

between PAEs. Finally, Tm was determined by finding the maximum of the first derivative of the

absorbance trace (Figure 4-1).

NP Assembly. NP films were assembled layer-by-layer on gold-coated substrates. Since the

mono-functionalized substrates were functionalized with A-type DNA, the complementary B-type
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particles were assembled as the first layer. Specifically, the substrate was soaked ina 4 OD solution
of B-type particles in 0.5 M PBS and shaken for 4 hours at room temperature at 700 rpm. Next,
the substrate was removed from the B-particle solution and vortexed in clean 0.5 M PBS to remove
excess particles not bound through DNA hybridization. Then, the substrate was transferred to a 4
OD solution of A-type particles in 0.5 M PBS and left on a shaker for 4 hours at room temperature
at 700 rpm. Finally, the substrate was transferred to a 2-mL tube with 500 pL of 0.5 M PBS for
annealing. The samples were annealed for 4 hours at various temperatures on a thermal shaker
(that was not shaking). This process resulted in a two-layer amorphous film (Figure 4-c), where a
single particle layer was added after each deposition cycle, because a given PAE does not bind

with another one functionalized with the same DNA in this system.

Silica Embedding. The NP films were encapsulated in silica according to literature precedent.?!
This method mostly preserves the crystal symmetry and lattice parameters of the lattice in the solid
state. The samples were transferred to a 2-mL Eppendorf tube and suspended in 1 mL of 0.5 M
PBS solution. To this solution, 2 uL of the quaternary silane salt, N, trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride (TMSPA), was added, and the tube was agitated at room temperature
on a thermomixer (Eppendorf) at a rate of 700 rpm for 30 min. Next, 5 uL of triethoxysilane (TES)
was added to the solution, and a silica network formed around the entire lattice. The mixture was
left on the thermomixer at 700 rpm for 2 hours. Finally, the sample was removed from solution,

rinsed with water, and blown dry using a stream of Na.

Grazing Incidence Small Angle X-Ray Scattering (GISAXS). All GISAXS experiments were
conducted at the 12ID-B station at the Advanced Photon Source (APS) at Argonne National

Laboratory. The samples were probed using 13.3 keV (0.932 A) x-rays, and the sample-to-detector
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distance was calibrated from a silver behenate standard. The beam was collimated using two sets
of slits, and a pinhole was used to remove parasitic scattering. The beamwidth was approximately
200 — 300 um horizontally and 20 um vertically. The samples were aligned to the beam using the
half-cut technique on a sample positioning stage that allowed for movement in the x, y, and z
directions (where x is parallel to the beam and z is normal to the substrate), in addition to tilt
(rotated about the y-axis) and rotation (rotated about the z-axis). Data was collected at incident
angles, aj, ranging from 0.3 — 0.4°. Scattered radiation was detected using a Pilatus2M detector.
Analysis of GISAXS data, including 2D fits and horizontal and vertical linecuts, was performed

using a homebuilt MATLAB package.

One- and Two-Layer Assemblies. The incubation times for the assembly of the first of PAEs
were varied to find the minimum time necessary to achieve a saturated particle density. The
substrates were incubated in 4 OD solutions of octahedra and rhombic dodecahedra PAEs for times
ranging from 30 minutes to 24 hours. The substrates were then embedded in silica and imaged. To
quantify surface loading, the particle density was also counted using ImageJ following the same
procedure as was used to collect the data shown in Figure S2. The result for octahedra is shown in

Figures 4-6 below.
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Figure 4-6. The density of octahedra PAEs after assembly of the first layer using different incubation times.

a) Representative SEM images. Particle density increased quickly at early times and plateaued at longer
incubation times. Scale bars are 1 um. b) Quantified particle densities at each time point tested. The density

plateaued after approximately 3 hours.

Figure 4-7. SEM images comparing one-layer and two-layer assemblies prior to annealing. a) Cross-
sections of one- and two-layer octahedra assemblies. b) Top-down images of one- and two-layer octahedra
assemblies. c) Cross-sections of one- and two--layer RD assemblies. d) Top-down images of one- and two-
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layer RD assemblies. For both octahedra and RD, the two-layer assemblies contain more than a monolayer
of particles and contain more particles per unit area compared to one-layer assemblies.
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Figure 4-8. Results of MATLAB image analysis. a-c) Total and ordered particle densities for cubic,
octahedral, and RD PAE assemblies. d-f) Percent order of samples in a-c, respectively, at different
annealing temperatures.
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Figure 4-9. GISAXS scattering patterns of two-layer cube films annealed at 41 °C, 42 °C, 43 °C, and 44 °C.
The diffraction spots become sharper as the temperature increases from 41 to 43 °C. At 44 °C, the individual
spots are broader, and the pattern is dominated by the Kiessig fringes, indicative of a loss of ordering as the
temperature approaches Tm. The 1D linecuts more clearly demonstrate peak sharpening from 41 to 43 °C
and peak broadening at 44 °C.

0.01 = " 0.01 ——RD 41C
K _ ——RD 42C
g ; % RD 43C
;: (] ; 0 ——RD 44C
0.01 -0.01F 2
i i " w
0.01 -0.01 0 0.01 g
ay (A1) =

| 3

0.01 -
3

w 0 \\
o
-0.01 _ s s - - \

'-0-01 . 0-01‘ _0'01 o 0'01 0.005 0.01 0.015 0.02 0.025
. . . ) -1
ay (A) q, (A7) q(A™)

Figure 4-10. GISAXS scattering patterns of two-layer RD films annealed at 41 °C, 42 °C, 43 °C, and 44
°C. As with the cube films, at 44 °C, the diffraction spots again become broader, indicative of a loss in
ordering. The 1D linecuts also show peak sharpening from 41 to 43 °C and peak broadening at 44 °C.
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Effect of Substrate Functionalization. To prepare substrates functionalized with both A- and B-
type DNA, we mixed a 1:1 molar ratio of DTT-cleaved A- and B-type anchor strands in 0.5 M
PBS solution. Next, we immersed the Au-coated substrate into a 500 pL solution of 0.5 M PBS
and 1 pmol of the anchor strand mixture and placed the sample on a shaker overnight at room
temperature and 700 rpm. After the functionalization of the substrate with the anchor DNA strands,
the linker/duplexer strands were hybridized by incubating these substrates in a solution containing
0.5 pL of a 1:1 mixture of A- and B-type linker DNA (pre-hybridized with duplexer) and
subsequently heating them to 55 °C for 30 min. Then, the system was slowly cooled to room

temperature to ensure full hybridization between the anchor and linker DNA strands.
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Figure 4-11. GISAXS scattering patterns indicating the positions (white lines) of horizontal and vertical
linecuts for a) cube, b) octahedra, and c¢) RD films.

To analyze subtle differences between the GISAXS diffraction patterns of two-layer films
assembled on mono- and bi-functionalized substrates, we took horizontal linecuts though q; = 0,
and vertical linecuts through the set of diffraction spots closest to gxy = O (Figure 4-17). The
horizontal linecuts provide in-plane structural information, while the vertical cuts provide the out-
of-plane spacing. In the case of the octahedral PAE system, a comparison of horizontal and vertical

linecuts of GISAXS scattering patterns reveals a ~6.8 % expansion in the x-y lattice parameter and
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a ~2.9 % contraction in the z-direction when a bi-functionalized substrate is used as compared to
when a mono-functionalized one is used (Figure 4-18 b,e). The observed vertical compression and
accompanying horizontal expansion can be attributed to a flattening of the lattice when the second
layer of A-PAEs can also form DNA bonds with the substrate. In fact, unlike octahedral films
grown on a mono-functionalized substrate, those grown on bi-functionalized substrates exhibited
lattice constants closely matched with those of an ideal BCC (111) film (Table 4-2). RD films
grown on a bi-functionalized substrate exhibited a similar degree of contraction (~7.2 %) in the z-
direction as compared to RD films grown on a mono-functionalized substrate due to DNA-binding
between second-layer RD A-PAEs and the substrate functionalized with DNA B. Interestingly,
this contraction was not accompanied by a significant expansion in the x-y plane (Figure 4-18c,f).
On the other hand, lattice distortions were not observed in the cubic PAE system (Table 4-2).
Distortion is not expected in this system because the resulting structure in both cases is a square
monolayer, where both A- and B-type PAEs form face-to-face contacts with the substrate (Figures

4-18a,d).

Form Factor Simulation. To determine the orientation of individual NPs within a SL, we
performed form factor simulations for individual NPs (Figure 4-19). The form factor scattering
formula of octahedron and RD are found in previous publications. To demonstrate that the Bragg
streak occurs normal to the nanoparticle facet and thus it is possible to determine the nanoparticle
orientation, we calculated the form factor scattering for two representative orientations of the
superlattice for each particle type; <100> and <111> for octahedron and <100> and <110> for RD.
In the particle models, the vertical and horizontal directions are the z and y axes, respectively. In
the calculated 2D scattering images, vertical and horizontal directions are g, and gy axes,

respectively, which is identical to the measurement geometry.
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Figure 4-12. Comparison of two-layer films assembled on substrates functionalized with A-type DNA and
those with both A and B-type DNA. a-c) Horizontal and d-f) vertical linecuts of the GISAXS patterns
resulting from cubic, octahedral, and RD PAE films, respectively.

As expected, strong streaks are observed along the normal to the facet directions. A gold
NP octahedron is surrounded only by the {111} planes of atoms. On the other hand, a RD is
covered by the {110} planes of atoms. Therefore, the only observable streaks for octahedron and

RD are along <111> and <110>, respectively. The direction will rotate as the particles rotate.

By comparing simulated form factors and measured diffraction patterns, we concluded that
individual octahedral NPs in the honeycomb lattice were oriented with their <111> direction
normal to the substrate (Figure S15a), while individual RD NPs in the rhombic lattice were
oriented with their <110> direction normal to the substrate (Figure 4-19d). This analysis was not
performed for cubic NPs, for which SEM images clearly showed NPs oriented with {100} facets
parallel to the substrate. Importantly, all three PAEs are oriented with a NP facet parallel to the

substrate to maximize face-to-face DNA binding.
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Figure 4-13. Form factors of octahedral and RD NPs. a-b) Simulated form factor of an octahedral NP
oriented in the <111> and <100> directions, respectively, as shown in the diagrams on the right. c) GISAXS
scattering pattern from a two-layer octahedral PAE assembly. d,e) Simulated form factor of RD NPs
oriented in the <110> and <100> directions respectively, as shown in the diagrams on the right. f) GISAXS
scattering pattern from a two-layer RD PAE assembly.

Surface Energy Model. To understand the effect of the DNA-functionalized substrate on total
film energy, we developed a model to estimate the relative energies of each orientation, using the
octahedral system as a proof-of-concept. Our model uses a dangling bond analysis that calculates
the energy required to break a bulk crystal along a given plane based on the number of unsatisfied
bonds in the exposed surface. The analysis was performed for SL surfaces both with and without
binding to a DNA-functionalized substrate. This analysis helps rationalize the formation of the

open honeycomb SLs.
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A few assumptions were made to simplify the analysis. First, the PAE shapes, including
the DNA shell on their surfaces, were assumed to be perfect octahedra, with perfectly sharp edges
and vertices. However, in an experiment, a small degree of corner- and edge-truncation always
exists. Second, we assumed that the DNA density on all NP and substrate surfaces was uniform
and the same. This assumption allowed us to make the binding energy proportional to the overlap
area between surfaces. Finally, we accounted only for attractive DNA interactions and ignored the

effect of repulsion, which could be present in PAE systems.

Due to the orientation of individual octahedral NPs in a BCC SL, any bond between two PAES
occurs between two equilateral triangular facets that are oriented 180° from each other, forming a
hexagonal contact area. This contact area is equal to 2/3 of the total triangular facet area (Figure
S16a). For simplicity, this bond is defined to have a bond strength of €. When a particle is bound
to the substrate, the entire triangular facet can interact with the substrate, resulting in a 1.5x larger

bond strength (1.5¢) compared to an interparticle bond.
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Figure 4-14. Surface energy calculations for the octahedral PAE system. a) Schematic illustrating the
binding area between two complementary octahedral PAEs. The two triangular faces form a hexagonal
overlap region that is 2/3 the area of the triangle. b) Arrangement of octahedral NPs in a BCC (111) slab
with two layers. The shaded blue area indicates a 2D hexagonal unit cell. The numbering indicates that the
NPs are situated in different layers, where 1 is the bottom layer, and 2 is the top layer. ¢) Arrangement of
octahedra in the BCC (110) plane. The shaded blue area indicates a rectangular unit cell. The numbers
indicate the locations of the two complementary PAEa, which are situated at the same height. d)
Arrangement of octahedral NPs in a BCC (111) slab with three layers. The orange shading indicates NPs
that can bind to a DNA-functionalized substrate placed above the slab.

In a BCC crystal, the {111} facet has 6 dangling bonds per v3a?, where a is the lattice
parameter of the BCC unit cell (Figure 4-20b). Dividing the bond energy by the area results in a
surface energy of 3.46¢&/a?. The {110} facet has 4 dangling bonds per v2a?, resulting in a
surface energy of 2.83 £/a? (Figure 4-20c). Based on these calculations, without the presence of

a DNA-functionalized substrate, the {110} plane of an octahedron BCC crystal should have the
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lowest surface energy, resulting in the observed RD Wulff-shape in solution-assembled SLs of
octahedral PAEs.

With the addition of a DNA-functionalized substrate, dangling bonds on the surface in
contact with the substrate could potentially be eliminated. In the BCC (111) surface, individual
octahedrons are oriented such that their entire facet can form DNA-bonds with the substrate if the
substrate and first-layer PAEs are functionalized with complementary DNA. As a result of this
favourable interaction, the energy of this surface is significantly reduced. Specifically, binding

with the substrate results in a 1.5¢ reduction in surface energy for each PAE in contact with the
substrate. Applying this surface energy reduction to the 6 £ dangling bond energy per v3a? area

would result in 4.5 & per V3a? area. The result is a new surface energy of 2.60 £/a?. In contrast,
individual octahedra in the (110) plane are oriented such that their edges are in contact with the
substrate. Because we assumed that the PAEs have perfectly sharp corners and edges, a reduction
in surface energy does not occur when the (110) surface is in contact with the substrate. It is
important to note that in actual experiments, corner- and edge-rounding allows the PAEs to form
a small number of favorable DNA bonds with the substrate. However, since the number of DNA
strands on the edge of a PAE is far fewer than that on a facet, we treat the NP edge-to-substrate
interaction as negligible in our model. As such, the energy of the (110) surface remains
2.83 £/a? with the addition of a DNA-functionalized substrate. Accordingly, the addition of the
DNA-functionalized substrate lowers the energy of the (111) surface below that of the (110)
surface. The reversal in the order of surface energies agrees with experimental observations, in
which the (111)-oriented film is the predominatant stucture in a two-layer octahedron film

assembled on a mono-functionalized substrate.
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Structural Analysis using SEM Imaging. To aid interpretation of GISAXS data and gain a more
complete structural picture of the PAE films, we imaged the samples used for GISAXS
measurements with SEM. First, in-plane interparticle distances were measured using top-down
SEM images. We compared this spacing to the in-plane spacing derived from a fit of the horizontal
linecut through g, = 0 of the corresponding GISAXS scattering patterns. Next, the samples were
sectioned and imaged at a 90° tilt angle to obtain the height difference between the first and second
layers in each SL as well as the total film thickness. These values were compared to structural
information obtained from fits of the vertical linecuts of the corresponding GISAXS scattering
patterns. Representative cross-sectional images for the three NP films are shown in Figure 4-21,
and a summary of the measurements obtained from SEM images and GISAXS patterns are shown
in Table S2. SEM images of the cube samples used for this analysis revealed a mixture of one- and
two-layer regions. The average film thickness from measurements at many random locations (204
nm) matched well with the values obtained from GISAXS (208 nm). The agreement between the
values obtained from these two methods supports the hypothesis that the vertical oscillations in

GISAXS data represents an average total film thickness rather than the out-of-plane d-spacing.

As with the cube films, the total thickness of the octahedron films measured via SEM
matched the out-of-plane periodicity observed in GISAXS. The measured height difference
between the two layers of NPs in the AB-substrates also matched well with the calculated height
difference of an ideal BCC (111) film (Table 4-2). There is a slight discrepancy for the theoretical
and measured height difference for the A-substrates (Table 4-2). Although the standard deviation
is large enough that it could be interpreted as insignificant, it is the measurement with the largest
deviation compared to other measurements. One possible physical explanation is that there is

repulsion between the surface and the second layer of particles. Because the DNA on the substrate
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and the DNA on the particles comprising the second layer cannot hybridize, it is possible that the
small height difference causes their DNA shells to repel each other, leading to a slightly larger

height difference.

The RD samples contained domains that are many layers in thickness. This is visible in
Figure S17c as pyramidal grains. The height differences between layers measured in SEM matched

well with those determined from GISAXS.

Figure 4-15. Cross-sectional SEM images of silica-embedded samples of a) cubes, b) octahedra, and ¢) RD.

Table 4-2. Comparison of Distance Measurements Between SEM and GISAXS.

SEM SEM Total SEM Heicht SEM SEM Total SEM Height
PAE Shape | Symmetry | MeasurementA| ThicknessA . g Measurement | Thickness AB | Difference AB
Difference A (nm)
(nm) (nm) AB (nm) (nm) (nm)
Cube Square 1222 £6.9 2042 £57.8 N/A 1222 £ 6.3 207.7 £ 70.7 N/A
Octahedra | Hexagonal 163 +79 143.1 £ 6.3 422 +103 1727+ 113 1404 £ 11.0 393 +10.8
RD Rhombic 117.1 7.2 N/A 647 +£6.9 1102 +£5.9 N/A 63.8 £8.1
GISAXS GISAXS Derived Heieht GISAXS GISAXS Derived Height
PAE Shape | Symmetry |Horizontal FitA| Vertical FitA |_. g Horizontal Fit| Vertical Fit AB| Difference AB
Difference A (nm)
(nm) (nm) AB (nm) (nm) (nm)
Cube Square 126.4 208.8 0 126.9 205.1 0
Octahedra Hexagonal 164.5 149.8 336 175.7 1454 359
RD Rhombic 113 166.8 65.2 112.8 154.8 65.1
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Additional SEM Images

Figure 4-16. Large-area SEM images of cubic PAE SLs annealed for 4 hours at 40 °C, 41 °C, 42 °C, and
43 °C. Interestingly, when annealed at lower temperatures, the cubic PAE system forms two-layer films,
where the second layer is comprised of isolated A-PAEs bound to the top facet of underlying B-PAEs.
However, as the annealing temperature increases, the top PAEs melt off, resulting in the observed square
monolayer. PAEs in the second layer are less strongly bound than those in the first layer because they are
bound only to one other NP rather than four.
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Z;gijcre 4-17. Large-area SEM images of RD PAE SLs annealed for 4 hours at 39 °C, 40 °,41 °C, and
(111) Films Formed at the Edges of RD PAE Films

Interestingly, at the four edges of the substrate, RD PAEs exclusively form films oriented
in the close-packed {111} plane (Figure 4-24). Because excess PAEs move toward the edge of the
substrate as the system anneals into a low-density film, the edges have a higher concentration of
PAEs. It is likely that the higher local concentration of PAEs causes the film to adopt a close-
packed structure to maximize the number of PAEs, and therefore the total number of DNA binding

interactions, within the film.
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Figure 4-18. SEM image of the edge of a representative RD PAE film showing the interface between (110)
and (111) textures (left). A close-up image of the closest-packed FCC (111) texture in a RD SL.

Figure 4-19. SEM images and GISAXS scattering patterns of 6- (top) and 8-layer (bottom) octahedral PAE
films after annealing at 42 °C. Both SEM and GISAXS indicate that the films are mostly disordered, with
little alignment to the substrate.
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CHAPTER 5

Large-Area, Highly Crystalline DNA-Assembled Metasurfaces Exhibiting Widely Tunable
Epsilon-Near-Zero Behavior

This chapter is based on published work:

C.Y. Zheng*, W. Hadibrata*, S. Kim, G.C. Schatz, K. Aydin, C.A. Mirkin, et al., “Large-Area,
Highly Crystalline DNA-Assembled Metasurfaces Exhibiting Widely Tunable Epsilon-Near-
Zero Behavior” ACS Nano, 2021, accepted.

5.1. Background

Optical metasurfaces,>® comprised of subwavelength nanoparticle (NP) building blocks,
provide a means to alter the spatial and temporal propagation of electromagnetic fields, enabling
the rational design of structures that exhibit properties which do not exist in nature. To date, the
lithographic patterning of ultrathin 2D metasurfaces has enabled the development of novel
structures that exhibit unusual electromagnetic properties such as negative refraction, 21’ optical
magnetism,*® and giant chiral optical response.l’® However, the high resolution required for
lithographic patterning of nanoscale features renders this technique extremely time-consuming and
unpractical for large-area fabrication. On the other hand, bottom-up assembly of colloidal NPs into
two- and three-dimensional superlattices (SLs) has proven effective for the large-area fabrication
of metamaterials in an efficient and scalable manner.’"1’® Towards this end, colloidal crystal
engineering with DNA, which uses DNA-functionalized NPs as programmable atom equivalents
(PAEs), has emerged as an exceptionally versatile platform for preparing 3D NP SLs.>*®8! This
technique allows one to judiciously select NP shape, size, and composition independently of SL
symmetry and interparticle distance,®® offering precise control over the various structural

parameters that dictate optical response. In addition, 2D PAE SL metasurfaces can be grown by
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performing the assembly on a DNA-functionalized substrate,'> and unlike other 2D colloidal
assembly methods, 17717 this technique allows SLs to be grown with chemical attachment to the
substrate. Furthermore, stabilization procedures'®® could enable these materials to be used in the
solid state and under a variety of harsh conditions, permitting their applicability in practical
devices.147'179'18°

Previously, PAE SL films were grown via layer-by-layer deposition of a binary system of
complementary PAEs at room temperature, followed by post-deposition thermal annealing to
prepare a crystalline film.*>® This process allows one to control the number of layers in the film
via the number of deposition cycles. Indeed, thin film SLs assembled from spherical plasmonic
PAEs demonstrated promise for engineering optical responses in the visible regime, exhibiting
properties including optically metallic scattering and epsilon-near-zero (ENZ) response.®® SLs
assembled from large, anisotropic NPs, however, could exhibit further enhanced optical responses
due to the extreme corner-to-corner*®? or face-to-face'’® electric field (E-field) coupling between
neighboring NPs. In particular, when plasmonic NPs are closely packed and arranged such that
their facets are parallel, a strong gap capacitance arises.'® This capacitive coupling, which
increases with decreasing gap distance, results in metamaterials with unnaturally high refractive
indices, fipp. 140"

In this work, we develop an isothermal, high-temperature growth method to prepare
crystalline metasurfaces consisting of closely packed Au nanocubes functionalized with DNA. We
demonstrate that these metasurfaces behave as effective dielectric media with unnaturally high
refractive indices in the near-IR. In addition, when coupled with an underlying Au thin film, the
effective medium behavior of these SLs drastically changes to that of a transparent conductor,

exhibiting an ENZ condition. Importantly, the unique ability to control DNA length to sub-nm
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precision®*®8 makes this platform ideal for the assembly of high index metamaterials because gap
capacitance is highly sensitive to small changes in interparticle distance. Indeed, we demonstrate
that the resonant wavelength of the metasurfaces is tunable throughout the near-IR regime by
tuning DNA length and Au film thickness. This assembly route to highly-uniform, surface-bound
colloidal metamaterials could enable fabrication of two- and three-dimensional crystalline
metamaterials exhibiting a broad range of engineered optical responses, when combined with well-

defined molds.
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Figure 5-3. (a) Metasurface assembly scheme. PAE monomers are heated above the melting temperature
of their assembled aggregates for several hours, forming 2D crystalline SLs. (b) Large-area SEM image of
the PAE films, exhibiting long-range order and high uniformity. (c) Temperature-dependent UV-vis
melting curves measured at A=550 nm. The solid curve is the melting curve of the aggregates, the dashed
curve is crystallization of dispersed particles, and the dotted curve is the melting of the crystal. (d) Zoomed-
in area of (b).
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5.2. Results and Discussion

We developed a one-step growth procedure to assemble crystalline polyhedral NP
monolayers (Figure 5-1a). Unlike the layer-by-layer method®® (which is performed with a binary
system of PAES), this procedure is performed using a solution of self-complementary anisotropic
PAEs (i.e., PAEs functionalized with DNA terminated with a self-complementary single-stranded
binding region). In a typical experiment, we densely functionalize a 0.7 cm x 0.7 cm Au-coated Si
wafer with thiolated anchor DNA by immersing the substrate in a DNA solution overnight. We
then prepared cube PAEs by functionalizing uniform 80 nm colloidal Au nanocubes (Figures 5-6,
5-7) with the same thiolated anchor DNA that was used to functionalize the substrate. Next, we
immersed the DNA-functionalized substrate in a solution of PAEs and 0.3 M NaCl in a 2-mL
Eppendorf tube and placed the sample on a heated shaker. In contrast to the layer-by-layer
method,*® crystallization is facilitated above the melting temperature (Tm) of the PAE aggregates
(Twm, agg) by utilizing the difference in Tm between the crystalline SLs and the amorphous aggregates
(Figure 5-1c). Specifically, DNA-functionalized nanocubes rapidly aggregate upon being mixed
with self-complementary linkers. These aggregates consist of nanocubes with random orientations,
bound together with only a few DNA bonds and therefore are unstable and melt at a relatively low
temperature. On the other hand, crystalline SLs consist of nanocubes bound with face-to-face
interactions, held together by hundreds of DNA bonds,*8! resulting in a much higher Tm. For 80
nm self-complementary cube PAES, Tmagg Was determined to be ~57 °C by UV-visible
spectroscopy (Figure 5-1c, solid curve), while the crystalline SLs exhibit a melting curve with two
transitions at 60 °C and 68 °C (Figure 5-1c, dotted curve). Therefore, crystallization was facilitated
at Tc = 68 °C, at which an equilibrium exists between crystalline SLs and the melt. In addition, a
smaller undercooling is required for heterogeneous growth compared to homogeneous growth,82

a general phenomenon in crystal growth which has been shown to hold true for PAE systems. 183
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As such, growth on the substrate occurs at temperatures too high for homogeneous nucleation of
crystalline SLs in solution, resulting in the observed substrate-bound films. After growth, the
samples were cooled to room temperature and transferred to the solid state by embedding in an
amorphous silica matrix.'®® Next, the embedded SLs were characterized by scanning electron

microscopy (SEM) and small-angle X-ray scattering (SAXS).
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Figure 5-4. (a) Zoomed-in region of Figure 1b, showing a nanocube PAE film. (b) 2D and (c¢) 1D integrated
SAXS pattern of the sample in (a). Calculated E-field intensity distribution in a (d) in-plane and (e) out-of-

plane cut of a cube SL.

Large-area SEM images (Figure 5-1b and 5-19) show crystalline thin films with large
domain size and extremely high crystallinity, resulting from the equilibrium process involved in
this crystallization method. Close inspection of Figure 1b reveals that the entire 15 um field of
view consists mainly of a single crystalline domain. In addition, the SLs consist solely of
monolayer films with the exception of sparse adsorbed NPs, which appear as bright spots. The 2D

SAXS pattern (Figure 5-2b), which exhibits over eight diffraction orders, further confirms the high
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crystallinity of these SLs. Notably, the high-quality diffraction is unlike that observed in previous
works involving large, polyhedral NPs assembled with short DNA, which only give rise to a few
broad peaks in SAXS.!84 In addition, attempts to crystallize a binary, complementary system of
cube PAEs with the same core size and DNA length using the layer-by-layer method resulted in
films with much smaller domain sizes as well as regions with multilayers, rather than the desired
monolayer films (Figure 5-8).

To explore the generalizability of this method, we assembled both cube and octahedron
PAE films and characterized them using SEM and SAXS. According to the complementary contact
model (CCM),'® PAEs should assemble into films that maximize DNA hybridization both
between neighboring NPs and between NPs and the underlying DNA-functionalized film. We
found that cube PAEs formed films with a simple cubic geometry, as evident from both SEM
(Figure 5-2a) and SAXS (Figure 5-2b,c) characterization. In this structure, NPs form face-to-face
bonds with neighboring NPs and the underlying Au film. Octahedron PAEs, on the other hand,
formed films with hexagonally close packed symmetry as evidenced from SEM (Figure 5-3a) and
SAXS characterization (Figure 5-3b). In this structure, each octahedron NP forms a face-to-face
bond with the underlying Au film. However, unlike cube PAEs, the octahedron PAEs do not form
perfect face-to-face contacts with neighboring NPs. To understand how the difference in facet
registry affects coupling between NPs, we used finite-difference time-domain (FDTD) simulations
to calculate the E-field patterns inside the SLs. In both cases, E-field hotspots are concentrated
within the interparticle gaps (Figure 5-2d,e and 5-3c,d). However, neighboring NPs in the cube
PAE film exhibit stronger E-field hotspots in three dimensions due to the larger capacitive
coupling between its large, parallel facets. Indeed, a recent manuscript reports that although both

close-packed cube and octahedron NP films behave as high refractive index metamaterials, cube
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Figure 5-3. (a) SEM image of a PAE film prepared using octahedral NPs. (b) 1D SAXS pattern of the
sample in (a). Calculated E-field intensity distribution in a (c) in-plane and (d) out-of-plane cut an
octahedral SL.

NP films exhibit larger 71, compared to their octahedron counterparts.t”” Hence, we focus on
cube PAE films for the remainder of the discussion.

To understand the meta-optical properties of the metasurfaces, we calculated their effective
parameters using FDTD simulations. Importantly, because periodicities are deep subwavelength
(<M/5) compared to the visible and IR regimes, an effective medium treatment is appropriate.'® We
modeled the unit cell as a 80 nm Au cube embedded in a dielectric matrix atop a 8 nm Au film.
Next, we repeated the unit cell in a 2D square grid using periodic boundary conditions to simulate
the crystalline SL film. The period of the structure is set to the sum of the cube size and interparticle
distance, or DNA length. The gap between the NPs and underlying Au layer is taken to be the
same as the interparticle distance (Figure S6).

First, we calculated the effective index of the SL monolayers without an underlying Au
film and found that they behave as effective dielectrics (Figure 5-9, 5-10). Furthermore, we found
that for typical interparticle spacings ranging from 4 nm to 24 nm, effective refractive indices can
be tuned from 1.5 to 4 by means of DNA length as well as embedding material (Figure 5-11).

Next, we studied the effect of an underlying 8 nm Au film on the overall effective optical behavior.
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Figure 5-4. Calculated effective parameters of nanocube metasurfaces with DNA length varying from 4
to 24 nm, above a gold film 8 nm thick. (a) nefr. (D) Kefr. (¢) real(eesr). (d) imag(eesr).

Interestingly, we discover that the presence of a very thin Au film drastically alters the effective
materials behavior from that of a dielectric to that of a metal (Figure 5-4). Specifically, the real
part of the refractive index (n.sf) is high for lower wavelengths and decreases to nearly zero
towards higher wavelengths, accompanied by an increase in k., the imaginary part of the
refractive index, as wavelength increases (Figure 5-4a,b). Next, we calculated the effective
permittivity (Figure 5-4c,d) of the SL monolayer-Au film structure. The plot shows that the real
part of the permittivity, real (¢.rr) is positive in the near-IR and decreases with increasing
wavelength, eventually becoming negative. Because the structure is comprised of an effective
dielectric and a metal, its behavior is a mixture, dielectric below a certain wavelength and metallic
above that. Wavelengths at or near the crossover point are known as the ENZ condition. ENZ

materials, such as highly doped semiconductors like indium tin oxide (ITO), exhibit large optical
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nonlinearities and therefore are promising for applications ranging from all-optical data processing
to microscopy.'® The calculations show that the zero-permittivity wavelength can be easily tuned
via interparticle spacing, which tunes n,; of the SL layer. For example, at a 24 nm interparticle
spacing, the ENZ condition occurs at around 1.5 um, but when spacing is decreased to 4 nm, it
shifts to 2.6 um. Thus, the ENZ condition can be tuned over a broad spectral range throughout the
telecom wavelengths by simply tuning the SL lattice constants. Previously reported methods to
actively tune the operational wavelengths of conventional ENZ materials include doping, 718
electrical tuning,*®°% introducing defects,'®* and irradiating with a laser pulse.'®? Of these, laser
irradiation has the largest tuning window of ~1 pm. The calculations show that DNA-assembled
metasurfaces can be tuned across a comparable window by simply tuning DNA length.

Because the addition of a Au film drastically alters the resulting effective materials
parameters, we predicted that the optical response of the metasurfaces could further be tuned via
the Au film thickness. We calculated the permittivity of cube SLs with underlying Au films
between 8 and 50 nm thick for an intermediate interparticle spacing of 16 nm (Figure 5-12). Indeed,
we found that the ENZ wavelength blue shifts from 1.5 to 1.0 um, further expanding spectral
tunability to shorter wavelengths in the near-IR. Next, we calculated the reflection and
transmission spectra of the metasurfaces. Figure 5a shows calculated reflection spectra for
metasurfaces with varying gap spacings. The spectra exhibit deep dips in reflection at the
resonance wavelength and near unity reflection at other wavelengths. This dip can be attributed to
localization of the E-field inside the interparticle gaps, which can be seen in near-field simulations
(Figure 5-2d,e). This in-plane field localization in the IR is complementary to the out-of-plane E-
field localization between the cube and underlying Au layer, which results in a resonance in the

visible regime.’® Previously, we have shown that this out-of-plane “gap mode” is tunable
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throughout the visible spectrum via DNA length and can be used to selectively enhance emission
of embedded fluorophores.'>® Here, however, because in-plane field localization occurs at IR
wavelengths, such resonances could potentially couple with molecular vibrations, and hence find

application in sensing.%

To experimentally characterize the tunable optical response of the colloidal metasurfaces,
~80 nm Au cubes were assembled into monolayer PAE films on a transparent glass slide coated
with a 2 nm Cr adhesion layer, followed by an 8 nm Au film. A transparent substrate was required
to measure both the transmission and reflection of the metasurfaces for better comparison with
simulations. Interestingly, the films appear uniform and bright green in color (Figure 5-16), in
contrast to the pink color of Au nanocubes in solution® or red color of individual Au nanocubes
coupled with an underlying Au film.*% This further elucidates the effect of in-plane coupling on
the resultant optical properties. In addition to its specificity, another advantage of using DNA as
a ligand is that it is responsive to a variety of chemical and physical stimuli including pH,* light,*
and solvent polarity.®” In particular, it has been shown that adding increasing amounts of ethanol
to an aqueous buffer results in a gradual contraction of SL lattice parameters until up to 20 % of
their original values.®” In this work, we utilize this effect to prepare metasurfaces with smaller
interparticle distances. Specifically, after growth, we transfer the metasurfaces to solutions
containing varying ethanol percentages (from 0 to 80 %). Remarkably, they could be cycled
between 0 and 80 % ethanol, causing their color to change from bright green to yellow and back,
without visible degradation (Figure 5-16). Indeed, it has been shown that DNA can store high
amounts of strain upon lattice compression due to its flexibility,'*® rendering these materials viable
for use in tunable architectures. Notably, the ability to tune the interparticle gaps of DNA-

assembled metasurfaces enables the tunability of in-plane gap modes. Silica embedding locks the
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SLs in the contracted state, resulting in solid-state metasurfaces with smaller gap distances (Figure
5-5¢). As expected, lattice shrinkage was accompanied by a decrease in domain size when the
samples released strain upon being transferred to the solid state.

Reflection and transmission measurements were carried out using an FTIR setup coupled

2 which is a

to a microscope. The measurement spot size was approximately 50 x 50 pum
sufficiently large area to obtain representative averages of the sample. Measured reflection spectra
are shown in Figure 5-5b. For 60% ethanol, the reflection dip occurs near 2.3 pum, which
approximately matches the simulated reflection for metasurfaces with 8 nm gaps (Figure 5-5a). At
lower ethanol concentrations, the reflection dip shifts towards smaller wavelengths. For 0%
ethanol, the reflection spectrum exhibits a dip at around 1.5 um. The dips occur near the location

of the ENZ condition (Figure 5-4c) where the E-field is highly localized between neighboring Au
NPs (Figure 5-2d,e). This is accompanied by increased transmission (Figure 5-14) when n,sf
matches that of the glass substrate underneath. Finally, we extracted n.sr (Figure 5-5d) and
o5y (Figure 5e) from the measured reflection spectra and found that the extracted curves exhibit
tunable ENZ conditions, in agreement with those from simulations (Figure 5-4, details in
Experimental Details). From these results, we experimentally show that the metasurfaces give rise
to widely tunable reflections and ENZ wavelengths in the near-IR.

5.3. Conclusion

In summary, we have developed a high-temperature growth method to assemble crystalline
NP SL-based metasurfaces using DNA. The extraordinary crystallinity, scalability and
generalizability offered by this technique could enable design of large-area metasurfaces with
optical properties not found in nature. As a proof of concept, we assembled high volume-fraction

nanocube-based SLs and designed them to behave as ENZ materials, with resonant wavelengths
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in the near-IR. Furthermore, owing to the incredible flexibility of DNA, the ENZ wavelength was
tuned through a ~1 ym window in the near-IR, comparable to the literature record, by simply
changing solvent. Growing uniform monolayer SLs over macroscopic areas allows for facile
optical characterization as well as potential device integration. As a result, the metasurfaces could

find use in catalysis, telecommunications, and quantum computing.
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Figure 5-5. (a) Simulated reflection spectra for metasurfaces with varying interparticle spacings. (b)
Experimental reflection spectra of metasurfaces as a function of ethanol concentration; samples were
prepared in a solution with the designated ethanol content and then embedded in silica. (c) SEM images of
the metasurfaces measured in (b). Scale bars: 1 um. (d) n.sr and (e) €. extracted from experimental
reflection spectra, showing reasonable agreement with simulations in Figure 4.
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5.4 Additional Information

Materials and Methods

Nanoparticle Synthesis. All precursors were purchased from Sigma-Aldrich and used without
further purification. Gold nanoparticles (NPs) were synthesized via a seed-mediated method
described in detail by O’Brien et al.%® Briefly, uniform, single crystalline spherical gold NPs
were synthesized via an iterative chemical growth and etching process. These NPs were then
used as “seeds” for the growth of anisotropic NPs, including the cubes and octahedra used in this
work. Importantly, this synthetic procedure results in uniform anisotropic NPs in high yield (< 5
% coefficient of variation (CV), > 90 % yield), which makes them ideal for the assembly of
crystalline superlattices (SLs) with long-range order. The NPs were imaged by scanning
transmission electron microscopy (STEM, Hitachi HD-2300 STEM).

Substrate Preparation. Gold-coated glass slides were prepared via e-beam evaporation.
Specifically, glass microscope slides were diced into 5 x 5 mm squares. The diced wafers were
cleaned via an O, plasma at 50 W for 2 min. Following plasma cleaning, e-beam evaporation
(Kurt J. Lesker Company) was used to deposit a 2-nm Cr adhesion layer at 0.2 A/s, followed by
an 8-nm Au layer at 0.5 A/s onto the glass substrate.

NP and Surface DNA Functionalization. The DNA sequences used in this work are taken from
the literature (Table S1).2 Briefly, we functionalized the particles and substrates with 3’ thiolated
anchor DNA sequences. Then, the corresponding complementary linker strands were hybridized
to the anchor strands on the NPs or substrates. Each linker strand included a self-complementary,
four-base single-stranded region designed to link the particles to each other and to the substrate

through DNA hybridization.
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Table 5-1. Sequences Utilized in this Work. Note that “sp18” refers to a hexacthylene glycol
spacer unit manufactured by Glen Research.

Description DNA Sequence (5 to 3°)

Anchor DNA TCA ACT ATT CCT ACC TAC (sp18). SH

Self-complementary linker DNA GTA GGT AGG AAT AGT TGA (spl18) GCGC

NPs were functionalized using a procedure modified from that described by Jones et al.1?°
and O’Brien et al.'?® Briefly, 3’ alkylthiol-modified oligonucleotides were first treated with a 100
mM solution of dithiothreitol (DTT) in 170 mM sodium phosphate buffer (pH = 7.4) and then
purified on a Nap-10 size exclusion column (GE Life Sciences) to remove excess DTT. Next, the
NPs were washed twice to remove excess ligands. Specifically, the NP solutions containing the
as-synthesized particles were centrifuged for 8 min at 3,200 rpm, the supernatant was removed,
and the pelleted NPs were resuspended in water. The NPs were then centrifuged a second time for
8 min at 3,200 rpm, the supernatant was removed, and then the solution of purified DNA was
added to the pellet immediately. Five umol of thiolated DNA was added per 1 OD of particles.
The particle solution was then brought to 0.01 M sodium phosphate buffer (pH = 7.4) and 0.01 wt.
% sodium dodecyl sulfate (SDS) in water. Stepwise addition of 2 M NaCl was then carried out
every 30 min, such that the NaCl concentration was increased to 0.05 M, 0.1 M, 0.2 M, 0.3 M, 0.4
M, 0.5 M in turn. Following this process, the NPs were placed on a shaker at 700 rpm and left
overnight to ensure a dense loading of oligonucleotides. After functionalization, the NP solutions
were centrifuged three times to remove excess DNA. After each of the first two rounds of
centrifugation, the NPs were resuspended in 0.01 wt. % SDS, and after the last centrifugation step,
the particles were resuspended in 0.5 M PBS (0.5 M NacCl, 0.01 M sodium phosphate buffer (pH

=7.4), and 0.01 wt. % SDS).
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The procedure for DNA functionalization of the substrate was similar to that for the NPs
as described above. Specifically, 1 umol of DTT-cleaved anchor DNA in water was added to each
substrate. However, instead of stepwise addition of NaCl, the substrates were brought to 0.5 M
NaCl in one addition, and then shook overnight at 700 rpm. The substrates were then rinsed three

times with water and placed in PBS.

NP Assembly. NP films were assembled with a one-step high temperature crystallization
procedure. A DNA-functionalized substrate was placed inside a 5 mL Eppendorf tube containing
4 OD PAEs in 0.3 M PBS. 20 pL of 40 OD linker DNA was added to the PAE solution, in slight
excess of the anchor DNA, immediately causing the solution color to change from pink to
purple-blue and eventually to grey, indicating the formation of aggregates. Next, the tube was
placed on a 5 mL shaker at 70 °C and 700 rpm, at which the aggregates quickly melted, resulting
in again in a pink solution. The PAEs and DNA-functionalized substrate were left to react for 4-8

hours during which SL monolayers formed on the substrates.

Silica Embedding. The NP films were encapsulated in silica according to literature precedent.!’
This method mostly preserves the crystal symmetry and lattice parameters of the lattice in the
solid state. The samples were transferred to a 2-mL Eppendorf tube and suspended in 1 mL of
0.5 M PBS solution. To this solution, 2 uL of the quaternary silane salt, N,
trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (TMSPA), was added and the tube
was agitated at room temperature on a thermomixer (Eppendorf) at a rate of 700 rpm for 30 min.
Next, 5 pL of triethoxysilane (TES) was added to the solution, and a silica network formed
around the entire lattice. The mixture was left on the thermomixer at 700 rpm for 2 hours.
Finally, the sample was removed from solution and blown dry using a stream of N2. To prepare

metasurfaces with smaller interparticle distances, the samples are transferred from buffer
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solution to a mixture of ethanol and buffer. The reagents are then added sequentially to the
mixture of buffer and ethanol, locking the superlattices in their contracted state. The
correspondence between ethanol concentration and interparticle spacing, as measured from SEM
images, is as follows: 0% ethanol: 24 nm. 20% ethanol: 20 nm. 40% ethanol: 16 nm. 50%

ethanol: 12 nm. 60% ethanol: 8 nm.

Electron Microscopy. Scanning electron microscopy (SEM) images were taken with a Hitachi
SU-8030 field emission SEM with an acceleration voltage 30 kV and a current of 20 pA.
Scanning transmission electron microscopy (STEM) images were taken with a Hitachi HD-2300

STEM.

Figure 5-6. STEM images of a typical batch of nanocubes used to assemble metasurfaces in this work.
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Figure 5-7. Histograms of edge lengths (80 + 4 nm) and radius of curvatures (6 + 1 nm) measured from
100 nanocubes.
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Cubic PAE films formed via layer-by-layer deposition followed by thermal annealing

Figure 5-8. SEM images of cubic PAE films formed by layer-by-layer assembly of a binary PAE
system followed by thermal annealing below the aggregate melting temperature. Domain sizes are
significantly smaller than those in films formed through the high-temperature growth method due to
limited diffusion on the substrate. The top image shows the presence of multilayer regions which can
be found throughout the sample.
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Calculation of Effective Optical Parameters

Effective index retrieval via S-parameters calculations. We employed a retrieval method to
calculate effective indices. In brief, we first set up FDTD simulations to calculate the reflection
and transmission spectra of the SL structures. Next, we retrieved complex S-parameters from the
simulated reflection and transmission spectra. Finally, the effective indices were calculated from

the retrieved S-parameters.

For structures symmetric along the direction of light propagation, effective refractive
indices can be calculated using the formula derived by Smith et al.*°

1 -1 1 _5112 +S212
neff = ECOS T

where k is the wavevector and d corresponds to the effective length of the structure.

For non-symmetric structures, the abovementioned formula is slightly modified to:

1
cos(nkd) = S (1 — 811555 + S5%)
21

Both equations above result in non-trivial solutions and require careful consideration when

selecting the physically relevant roots.

For FDTD simulations, we placed two monitors at opposite sides of the structure along the
direction of light propagation. We placed a plane-wave source far from the structure in either the
forward or backward direction and utilized periodic boundary conditions in the x-y direction and
perfectly-matched-layers (PML) in the z-direction. The period of the unit cell was set to the sum

of the NP size and gap distance (DNA length). Note that for calculation of S-parameters, we
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assume that the effective structure is suspended in air without any underlying substrate besides an

8 nm Au film, for the SL-on-film structure.

Effective High Index Dielectric - Nanocube SL. The refractive index of Au was obtained from
Johnson and Christy.1% We find that colloidal Au NPs, arranged in a periodic square lattice, behave
as effective dielectric materials with low, nondispersive nefr and near-zero kess throughout the
wavelengths of interest. Figure S4 shows the calculated effective index for a film comprised of 80

nm Au NPs with gaps of 20 nm and surrounded by air.
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Figure 5-9. Extracted refractive index of a SL monolayer comprised of 80 nm Au cubes separated by 20
nm gap distances, surrounded by air.

Effective High Index Dielectric - Nanocube SL embedded in Silica. When the same SL is

embedded in silica, which itself is a dielectric material with n ~ 1.45, the SL still behaves as an
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effective dielectric throughout the near-IR regime, but with a significantly higher real part (Figure

S5). This is because overall effective index increases with a higher host refractive index.

3.0 : . : . : . : . : : 2.0
----- No embedding
——Embedded in Silica
25+ - 15
=
= 20| 110 3
738 205
1.0 - : = =g = LT 0.0
1.0 15 2.0 25 3.0 35 4.0

Wavelength (um)

Figure 5-10. Extracted refractive index of a SL monolayer comprised of 80 nm Au nanocubes separated
by 20 nm gap distances, embedded in silica.
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Effective High Index Dielectrics — Discussion
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Figure 5-11. Calculated refractive indices of cube PAE metasurfaces with varying gap distances embedded
in (a) an air matrix and (b) an amorphous silica matrix. Insets are cartoons of the simulated geometry.

We also studied the effect of varying gap distance between NPs. We observed that iess
increases with decreasing NP spacing, diverging for very small spacings, due to the inverse
dependence of capacitance on interparticle distance. Specifically, for a moderate interparticle
spacing of 16 nm, the off resonance n. s is ~1.71, which is higher than that of common dielectric
materials such as SiO.. Additionally, when interparticle spacing is decreased to 4 nm, n,¢
increases to ~3.01 (Figure S6a). Embedding in a dielectric matrix can be used to further increase
nerr. Specifically, for a moderate interparticle spacing of 16 nm, n¢r is ~2.38 at 2 pm (Figure
S6b), which is significantly higher than that of an equivalent SL in air (n.sf = 1.71). At a further
decreased spacing of 4 nm, the off-resonant effective index n., increases to ~4.25, which is
comparable high index materials in nature (Si and Ge). Theoretically, DNA length can be further

decreased down to 2 nm to achieve even higher n,.
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Figure 5-12. Extracted refractive index for a metasurface comprised of 80 nm nanocubes separated by
20 nm gaps, coupled to an underlying 8 nm Au film, separated by the gap distance.

Placing the silica-embedded SL on top of a thin gold film changes the effective medium
behavior drastically. The presence of the thin Au film brings metal-like behavior with an increasing
imaginary part of the effective index as shown in Figure S7. Meanwhile, the real part of the
effective index decreases to slightly below unity. The wavelength at which the imaginary part of
the effective index increases rapidly approximately coincides with the IR resonance of the
structure. We observed that by placing the SL on a thin Au layer, it possesses both dielectric- and
metal-like behavior, with dielectric behavior below the resonance wavelength, and metallic

behavior beyond that.

Calculation of Transmission and Reflection. For the calculation of reflection and transmission
spectra, we place SL monolayers on top of a glass substrate. Similar to the S-parameter calculation,

a plane wave is launched in the negative z-direction in which the boundary condition is set to be
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PML. The boundary conditions in the x- and y-directions are set to be periodic. Two monitors are
places at opposite ends of the simulation region for recording reflection and transmission. The

calculated reflection spectra are shown in Figure 4a.

Validation of the Effective Refractive Index. To verify the validity of the effective medium
calculation, we compare reflection spectra calculated using the effective index to that calculated
from the full structure. We perform the calculation for SL composed of 80 nm Au cubes with 20
nm gap on top of an 8 nm Au film. The entire metasurfaces is placed on top of transparent glass
substrate. Similarly, a slab with the same thickness as the effective metasurface with refractive
indices obtained from the parameter extraction is placed on top of a glass substrate. Figure S8
shows a comparison of the simulated reflection spectra for both structures. We observe a
reasonably good agreement between the reflection from the full structure and the that from the
retrieved effective index. The slight discrepancy could arise from minor discrepancies in the

simulation setup, such as the refractive index fitting step in the FDTD simulation.

FTIR Measurements. Reflection and transmission measurements were performed using an FTIR
setup (Hyperion Vertex 70) coupled to an optical microscope. A spot side of ~ 50x50 um? was
used to excite the sample. Reflection from an optically thick Au film was used as a reference for

reflection measurements.
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Figure 5-13. Comparison of reflection from metasurfaces calculated with the full structure (blue) and the
effective medium (black), indicating reasonably good agreement.

Transmission Simulation and Experiment
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Figure 5-14. a) Simulated transmission spectra for metasurfaces with varying interparticle spacings. b)
Experimental transmission spectra as a function of ethanol concentration. Samples were prepared in a
solution with the designated ethanol content and then embedded in silica.
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Effect of Au Film Thickness

— 8 nm
— 20 nm

real (e.4)

-10

-20

-30 L 1 L 1 L 1 L 1 L I L
1.0 15 2.0 25 3.0 35 4.0

Wavelength (um)

Figure 5-15. Calculated real part of the effective permittivity as a function of underlying Au film
thickness. The ENZ condition wavelength can be further tuned to the red by increasing the thickness of

the underlying Au film.

Optical Images and Experimental Reflection Spectra of Metasurfaces

0% EtOH 80% EtOH 0% EtOH 80% EtOH

Figure 5-16. Optical images of metasurfaces assembled on glass cover slides coated with 8 nm Au. The
color changes from green to yellow when changing the submerging liquid from aqueous buffer to 80%
EtOH buffer. Cycling between 0% and 80% EtOH does not result in noticeable sample degradation,

indicating reversibility.
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Figure 5-17. Visible range reflection measurements of metasurfaces assembled on glass cover slides coated
with 8 nm Au, immersed in buffer with various ethanol concentrations from 0 to 80%. Two dips can be
seen in this range and both red-shift as a function of increasing ethanol concentration (decreasing gap

distance).

Figure 5-18. Projection of the octahedron film simulation geometry. The orange box indicates the

repeated unit cell.
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Additional SEM Images

S um

Figure 5-19. Large-area SEM images elucidating the growth process of the SL films. In the top image,
single-crystalline 2D SL islands can be seen. Cube monomers attach to the substrate in the spaces
between the islands, likely joining the islands through surface migration. Finally, as the islands merge,
they sometimes rotate to align with each other (bottom). Because the growth temperature is well above
the aggregate melting temperature, unstable regions will remelt into solution, explaining the high
crystallinity of the films.
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CHAPTER 6

Scalable Assembly of Three-Dimensional Metamaterials
This chapter is based on unpublished work.

Collaborators include Junjing Deng, Yudong Yao, Seonke Seinfert, Alexa Wong, Liban Jibril,
Wisnu Hadibrata, Seokhyoung Kim, Koray Aydin, Byeongdu Lee, Chad Mirkin, and George
Schatz.

6.1 Introduction

Confinement in nano- or micro-scale pores can have an enormous effect on the outcome of
crystallization'®” for a wide range of materials including block copolymers,*%-2%1 organic
molecules,?°224 and nanoparticles (NPs).2%27 Various works have shown the successful
application of 2D lateral confinement to control the morphologies and sizes,20%2%
orientations,?®-2% crystal structures,® and chirality of assemblies on substrates.?® In these
studies, templates are constructed such that their side walls and/or the bottom substrate surface
exhibit attractive or repulsive interactions with the material undergoing crystallization.
Alternatively, the template can simply act as a hard barrier, confining growth inside a small
volume.® Additionally, assembly of materials into lithographically patterned trenches on substrates
offers a route towards fabricating devices with subwavelength feature sizes and controlled

morphologies.?1°

DNA-assembled NP superlattices (SLs)**8! represent a promising class of materials for
achieving unusual optical,”®14 electrical, and mechanical responses’™® due to the immense library
of structures which can be obtained!!*!® and the active tunability afforded by the stimuli-
responsiveness of DNA. %8915 |n addition, DNA-functionalized NPs serve as a model system to
study crystal growth, behaving as programmable atom equivalents (PAES), due to their similarity

to atoms in atomic crystals.® In this work, we study the crystallization of PAEs SLs under lateral
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confinement by assembling cube PAEs inside lithographically patterned microscale trenches on
DNA-functionalized substrates. We hypothesize that growth in trenches would result in single
crystalline SLs with controlled sizes and orientations as individual crystallites are forced to merge
inside a trench. Small-angle X-ray scattering (SAXS) and scanning electron microscopy (SEM)
characterization were employed to visualize the growth pathways and resulting SL structures.
Indeed, we discover that single crystalline, square-prism shaped SLs with lateral dimensions
ranging from 1-3 um can be formed inside square trenches of those same dimensions. Microfocus
SAXS measurements elucidate the distribution of orientations within an array, revealing that SLs
preferentially align with their {100} facets parallel to the trench walls, with better aligned SLs in

smaller trenches.

In addition, the unique ability to prepare ensembles of SLs with controlled sizes allows us
to study the variation of the SLs’ defect structure with size. X-ray ptychography®!! is a high
resolution coherent diffractive imaging technique capable of imaging the internal structure of
microscale colloidal crystals due to the high penetrative depth of X-rays.?!> SEM and
ptychography were used to study the surface and internal defect structure of the SLs, respectively.
We found that SLs grown in 1 um trenches were typically single crystals with very few defects,
those grown in 2 um trenches were generally single crystals with dislocations, and those grown in
3 pm trenches consisted of several connected grains. Next, ex situ SEM experiments conducted on
samples quenched at various growth stages suggest that SLs grow via nucleation and growth,
followed by coalescence of neighboring domains, elucidating how trench size dictates the observed
defect structures. Taken together, our results reveal the effect of lateral confinement on the
crystallization of PAE SLs on substrates and provides a general understanding of defects in DNA-

assembled colloidal crystals.
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Upon successfully utilizing confined SL growth to prepare crystals with control over size,
shape, position, and orientation on a substrate, we studied their behavior as optical metamaterials.
Specifically, we prepared arrays of metacrystals with various sizes and measured their optical
responses. First, synchrotron FTIR with a ~8 um beam diameter was used to measure the extinction
from single SLs within an array, revealing uniformity in optical response within an array. Next,
ensemble measurements across an array were collected using tabletop FTIR with a large beam.
We find that the tabletop FTIR measurements can resolve multiple resonance peaks in the mid-IR,
suggesting that this platform is promising for the scalable preparation of uniform, 3-dimensional
metacrystals. Finally, we use the spacing between metacrystals in an array as an additional design
parameter to engineer optical response, introducing another degree of hierarchy in functional

DNA-assembled metamaterials.

6.2 Results and Discussion — Structural Characterization

Evaporate Spin-Coat E-beam Functionalize

Au PMMA Lithography DNA ;

Hold T>Ty ag
—

]

Scheme 6-1. (top) Trench array fabrication process. (bottom) SL assembly scheme.

To prepare templates for subsequent PAE crystallization, we used electron beam
lithography (EBL) to pattern square trenches into a polymer resist (Scheme 6-1, top). Specifically,
we spin-coated an ~600 nm thick layer of PMMA resist on a Au-coated Si wafer and used EBL to
pattern microscale square pores of varying sizes, exposing the underlying Au film. Next, we

functionalized the exposed Au regions with thiolated anchor DNA. Cube PAEs were prepared by
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functionalizing ~ 80 nm Au nanocubes with the same thiolated anchor DNA as that on the substrate
and performing a salt aging procedure to maximize DNA loading. The reaction solution was
prepared by mixing the PAE solution, patterned substrate, and linker DNA in a 5 mL Eppendorf
tube and bringing the solution to 0.3 M NaCl. The linker strands were designed to be
complementary to the anchor strands, for the exception of a four base self-complementary “sticky
end” region used to bind to other PAES. To determine optimal reaction conditions, we measured
the melting temperature of the system by collecting temperature-dependent UV-Vis data. We
chose a growth temperature of 68°C, well above the melting temperature of PAE aggregates
(58°C), but within the crystal-melt coexistence regime. To crystallize PAEs inside the templates,
we placed the Eppendorf tube on a shaker at 68°C for 60 hrs, during which SLs formed inside the
pores (Scheme 1, bottom). Finally, we embedded the samples in an amorphous silica matrix for

subsequent characterization.
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Figure 6-5. Assembly results. SEM images of typical SLs grown in (a) 3, (b) 2, and (c) 1 um trenches. 2D
microfocus SAXS patterns from SLs grown in (d) 3, (€) 2, and (f) 1 um trenches. (g) Azimuthally averaged
1D SAXS profile from a 3 um SL, with simple cubic indexing. Scale bars: 1 um.

Figure 6-1a-c shows typical SEM images of SLs grown in 3, 2, and 1 um square trenches,
respectively, on the same substrate. PAEs fill the entire trench volume, forming square prism
crystal habits. SAXS patterns were collected using a 5 x 10 um focused X-ray beam. The discrete
spots in the 2D SAXS patterns (Figure 6-1d-f) indicate that SLs of all three sizes contain one
dominant domain, suggesting that this technique can be used to prepare high quality single crystals
of varying sizes. 1D plots of the SAXS patterns averaged azimuthally (Figure 6-1g and S8) indicate
that the SLs have a simple cubic symmetry with periodicity of ~98 nm, regardless of size of the
trench they were grown in. This result suggests that the lateral confinement has little to no effect

on the SLs’ nanoscale crystal structure, which is commensurate with the square shape of the
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trenches. As seen in the SEM images, individual nanocubes assemble with a facet parallel to the
substrate, resulting in a (100) out-of-plane orientation, consistent with previous studies of
polyhedral PAE thin film assembly, where NPs assemble with face-to-face interactions with a
DNA-functionalized substrate to maximize hybridization.?** The four-fold symmetry evident in
the diffraction pattern mirrors the four-fold in-plane symmetry of the simple cubic {100} planes.
Azimuthally plotting the SAXS patterns along the {200} reflections reveals that although the peaks
are generally very sharp, there are small amounts of intensity at other in-plane orientations (Figure
6-1h and S8), which is also seen from the streaking around the diffraction spots in the 2D SAXS

patterns (Figure 6-1d-f).

To measure the in-plane distribution of SL orientations within an array, we collected 2D
maps of SAXS patterns using a microfocused beam (Figure S2). Importantly, each SL could
potentially contain multiple domains with different orientations, some of which may not be visible
in the top-down SEM images. In contrast to the surface structure provided by SEM, SAXS
measurements also give information about the interior of the SLs, revealing a true distribution of
orientations. Specifically, the beam was raster scanned across the array area and SAXS data was
collected at 5 um intervals in both the x and y directions. For this experiment, the beam diameter
was ~ 15 um, while the spacing between SLs in the array was 5 pum, so each SAXS pattern likely
represented signal from several neighboring SLs. Nevertheless, this measurement provides
information on the homogeneity and distribution of orientations within an array. To determine in-
plane orientations from SAXS patterns, we azimuthally plotted each diffraction pattern along the
{200} reflections, as in Figure 1h. Next, we created 2D maps of the intensities at selected azimuthal
angles varying from 15 to 90 ° (Figure 6-2a,b). Finally, we integrated the intensities within each

2D map to create a bar graph of the total intensity of each orientation (Figure 6-2c-e). The bar
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Figure 6-6. Statistics of in-plane orientation. (a) Schematic of microfocus SAXS experiment and orientation analysis.
A focused X-ray beam is used to collect signal from a small area (green box) of the sample. The in-plane orientation
of the SL is then determined from the SAXS pattern and plotted as a single pixel in the orientation map. (b-c) Intensity
at various orientations along the {200} reflections in microfocus SAXS patterns for (b) 3 pm and (c) 1 um SLs. Bar
graphs of the total intensity of each orientation integrated over all SAXS patterns for arrays of (d) 3, (e) 2, and (f) 1
pm SLs. Standard deviations are 22.5, 21.7, and 20.1 °, respectively.

graphs are plotted as offset from 90 ©, taking into account the four-fold symmetry of the diffraction
patterns. For all three trench sizes, the results indicate that there is a symmetric distribution of
orientations, peaking at 0 °, at which the SL (100) direction is aligned with the trench walls (Figure

6-2c-€). The strong bias for the 0 ° orientation is likely because in this orientation, the sides of the
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SLs expose their most energetically favorable {100} facets. Furthermore, the widths of the bar
graphs increase as a function of trench size, suggesting that smaller trenches better control the SLs’
in-plane orientation. Previous work showed that the in-plane orientation of PAE SLs can be
controlled by lithographically defining Au posts, which act as the first layer of PAEs for
subsequent thin film growth.'® In this technique, patterning of nanoscale features is required. On
the other hand, we show here how microscale features can be used to control the orientation of

nanoscale PAEs, significantly reducing the cost of patterning.
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Figure 6-7. Effect of growth rate on the distribution of SL orientations. Exemplary SEM images of 3 um

SLs grown in (a) 0.3 M NaCl and (b) 0.5 M NaCl. In-plane orientation distributions of SL arrays grown in

0.5 M NaCl for (c) 3, (b) 2, and (e) 1 um SLs. Standard deviations are 24.4, 23.8, and 24.5 °, respectively.
Scale bars: 1 pm.

Statistical analyses were also performed on large-area SEM images, where the image
resolution was sufficiently high to determine the orientations of individual SLs. As seen from the
histograms in Figures S6 and S7, SL orientations measured from SEM images are more narrowly

distributed than those determined from SAXS. This discrepancy arises because SLs contain
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domains which are not visible in SEM images. In fact, histograms generated from SEM analysis
suggest that 3 um SLs have a narrower distribution of orientations than 2 um SLs. This indicates
that although 3 pum SLs are more likely to appear aligned from the surface, they have more
misaligned subsurface grains, highlighting the importance of SAXS measurements. Similarly, 1
pm SLs have the highest degree of alignment because each trench likely contains a single

crystallite.

In all crystallization processes, the quality of the resulting crystals depends largely on
growth conditions, especially the growth rate. Specifically, growing crystals at fast rates usually
results in the formation of crystals with a high density of defects, while higher quality crystals are
typically grown by slowing the crystallization rate.?!* Here, we synthesized SLs with varying
degrees of crystallinity by using solution ionic strength as a lever for controlling the rate of NP
assembly. Previously, it has been shown that increasing salt concentration in PAE assembly results
in quicker DNA association rates, and therefore faster assembly, due to the additional charge
screening which minimizes repulsion between the negatively charged DNA strands.”® Indeed,
crystallization in 0.5 M NaCl (and otherwise identical conditions) occurs in ~20 hours, which is
much faster than crystallization in 0.3 M NaCl which takes ~60 hours to complete. SEM images
show that SLs grown in 0.5 M NaCl (Figure 6-3b) contain more surface defects compared to the
nearly perfect crystals grown in 0.3 M NaCl (Figure 6-3a). In addition, statistical analyses
performed on microfocus SAXS data show that the distribution of orientations is wider in crystals
grown in 0.5 M NaCl (Figure 3c-e) compared to those grown in 0.3 M NaCl (Figure 6-2c-e). This
indicates that faster crystallization largely compromises the confinement effect provided by the

trench.
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Figure 6-8. (a-d) Ptychographic reconstructions of SLs grown in trenches showing typical defect structures.

We found that larger trench sizes resulted in SLs with worse crystallinity and alignment,
suggesting that the SLs” internal defect structures differed by size. Although previous reports have
shown that DNA-assembled colloidal crystals exhibit analogous defects to those in atomic crystals
(e.g., vacancies, antisites, dislocations, twinning, etc.),*%® their internal structures have not been
directly visualized and imaging of defects has been limited to SL surfaces. Furthermore, growth
in confinement could lead to different defect structures than otherwise present in solution- or
substrate-grown SLs because individual crystallites are forced to merge within a trench during
growth. Here, X-ray ptychography was used to image the SLs’ internal structure, confirming
whether SLs which appear as single crystals in SEM indeed contain multiple subsurface domains.
We grew SL arrays in 0.5 M NaCl in order to generate a considerable number of defects and fully

visualize the spectrum that typically occur in the samples.

Figure 4 shows ptychography reconstructions of selected SLs portraying typically observed

defects. These include edge (Figure 6-4c) and screw dislocations (Figure 6-4b), tilt (Figure 6-4a,c)
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and twist (Figure 6-4a,c) grain boundaries, as well as curved rows of NPs (Figure 6-4d). As
predicted, subsurface grain boundaries were commonly observed in SLs that appear as single
crystals in SEM images (Figure 6-4a,c and S11). For this to occur, in-plane tilt boundaries must
be accompanied by interlayer twist boundaries, a unique feature which was observed in many of
the 3 um crystals (Figures 6-4a,c). Out of over 200 imaged SLs (Figure S9 and S10 show
representative ones), none exhibited an interlayer twist boundary without the presence of an in-
plane tilt boundary, suggesting that twist boundaries are relatively unstable. We hypothesize that
interlayer twist boundaries form when a new layer grows on top of two grains meeting at a tilt
boundary. As the new layer grows laterally from one domain over to the surface of the tilted
neighbor domain, new adparticles assemble to form face-to-face registry with in-plane neighbors
rather than the underlying particles, which may be due to the higher coordination number in-plane

than out-of-plane, 4-vs-2 in this cube system.

Fast Fourier transform (FFT) analysis on ptychography reconstructions of 3 um SLs
(Figure 6-5d and S11) typically exhibit multiple independent sets of diffraction spots, suggesting
that they generally contain several highly misaligned grains. On the other hand, FFT of
ptychography reconstructions on 2 um SLs typically have one set of diffraction spots with some
streaking (Figure 6-5h, S10), indicating that they are generally single crystals with possible edge
dislocations but no grain boundaries. Finally, the single sets of sharp diffraction spots in FFT of
ptychography reconstructions on 1 um SLs indicate that they are largely defect-free (Figure S9).
The ptychography reconstructions were color-coded by orientation to highlight the different
domains (Figures 6-5c¢,g, S10, and S11). Disparate colors are seen across grain boundaries, while
subtle color differences are observed near dislocations. In atomic crystals, the interfaces between

two crystallites are categorized by low-angle (LAGBEs, typically less than 10 °) and high-angle
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Figure 6-9. Ptychography reconstructions of a (a) 3 and (e) 2 um SL and (b,f) corresponding SEM images.
(c,g) The reconstruction in (a,e) with color code to indicate domain orientations (see color wheel). (d,h)
FFT of (a,e). Histogram of grain boundary angles in (i) 2 and (j) 3 um SLs.

grain boundaries (HAGBS, greater than 10 °©). The interfacial energy of LAGBSs increases roughly
linearly with misorientation angle while that of HAGBSs are high except near ideal configurations
where the two lattices have a large degree of overlap, for example a twin boundary, resulting in a
stable configuration.?'® To study the distribution of misorientation angles in the SLs, we measured
over 50 grain boundaries for both 2 and 3 um SLs. For 3 um SLs, we found a random distribution

of misorientation angles (Figure 6-5j), indicating that grain boundaries emerge through
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coalescence of independently formed grains which do not undergo reorientation or restructuring
once formed. In contrast, for 2 um SLs, the number of boundaries with a certain misorientation
angle decreases as the angle increases up to ~10 °, beyond which the proportion is low (Figure 6-
5i). In addition, close inspection of the reconstructed images reveals that LAGBs are filled with
edge dislocations which form to connect two merging grains. These results suggest that in 2 um
trenches, a small number of domains nucleate preferentially at the edge of the trench. In contrast,
in 3 um trenches, some nuclei form away from the trench edge and thus without any confinement
effect. Interestingly, many interfaces with both small and large misorientations remain continuous
(i.e., it is not possible to pinpoint the start of a new domain) by connecting through curved rows
of NPs (Figure S12), in contrast with the sharp HAGBs of many crystal systems.?'® The gradual
change in orientation can also be visualized by the presence of intermediate colors near a grain
boundary in the color-coded reconstructions (Figure 6-5¢,g). The bending of domains is possible
because DNA length can vary locally due to its flexibility.'* Overall, the ptychography experiment
elucidates how defect structure depends on the area of the confining region. Such understanding
can enable defect engineering to control light-matter interactions in photonic crystals.?'72!8

Finally, we conducted an ex situ SEM study of SL growth to rationalize the formation of
the unusual defect structures (Figure 6-6). Specifically, we performed SL crystallization in 0.5 M
NaCl, quenched the samples at various stages (4, 8, 10, 14, and 24 hours) of the crystallization
process, and imaged them using SEM. The images show that samples grown in 1 um trenches
typically contain one or two nuclei at 4 hours, grow into full single-crystalline layers at 8 hours,
and subsequently epitaxially grow more layers as PAEs fill the trench. This growth pathway
explains why the 1 um SLs are mostly single crystalline with very few defects. On the other hand,

4-5 nuclei can typically be seen after 4 hours in 2 um trenches. From 8 to 14 hours, these nuclei
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Figure 10-6. SEM images of SLs assembled in trenches and quenched at various stages of the growth
process. Scale bars: 1 um.

appear to grow and eventually collide. When the domains collide, the more aligned (i.e., {100}
facet parallel to trench wall) domains continue to grow while the smaller, unaligned ones rotate to
combine with them. The growth of aligned grains at the expense of less favorably oriented ones
has been observed in the confined growth of block copolymers where collisions with the trench
walls halt the growth of unaligned grains.?'® Because smaller crystallites are less stable, they rotate
to join the larger domains. Finally, at 24 hours, the images show the formation of single crystals.
However, it is evident from the 14-hour time point, that subsurface layers can have different
orientations than the surface layer, as observed in the ptychography images. This observation
supports our hypothesis that coherent in-plane growth of layers occurs faster than reorientation of
subsurface grains. Growth in the 3 um trenches occurs via a similar pathway, but more nuclei are
present at early time points due to the larger trench size. As such, the resulting 3 um SLs typically

contain a higher number of grains and HAGBS, as observed in the ptychographic reconstructions.
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Comparison of the SL growth pathways in the three trench sizes also reveals that the natural grain
size of SLs is ~ 1 um, so SLs grown in larger trenches tend to have ~1 um crystallites connected

through defects and grain boundaries.

The growth mechanism can be categorized into layer-by-layer (Frank-van der Merwe)
growth. A notable difference from atomic systems, however, is that growth here starts with the
formation of islands randomly oriented with respect to one another when nucleation is faster than
growth during crystallization. When the islands collide, a continuous adlayer grows on top of
several misoriented islands. NPs in the adlayer form bonds with the subsurface layer, but with an
orientation defined by their in-plane neighbors rather than the ones underneath. This is largely due
to the particles’ cube shapes that results in a higher in-plane coordination number than out-of-
plane. Therefore, in some sense, the observed growth is opposite to the Stranski-Krastanov (SK)
mode, where a film grows layer-by-layer until it reaches a critical thickness. Beyond this thickness,
island formation begins because a continuous film is no longer stable due to strain energy from
lattice mismatch. Thus, instead of decreasing packing density on higher layers (as in SK growth),

the packing density of the PAE films is highest on the top layers.

6.3 Results and Discussion — Behavior as Optical Metamaterials

As described above, assembling SLs in trenches could provide a viable method to scalably
fabricate 3-dimensional metamaterials on substrates with control over placement, orientation,
shape, and size (Figure 6-7). Here, we explore engineering the optical properties of these
metamaterials using both nanoscale materials parameters and mesoscale crystal habit design.
Several design parameters exist for tuning the effective optical parameters of DNA-assembled
colloidal metamaterials. These include nanoparticle shape, size, and composition (which dictate

individual NP resonances) as well as interparticle spacing and superlattice symmetry (which are
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Figure 11-7. Using trench confinement to engineer the optical properties of 3-dimensional metamaterials.
Three-dimensional metamaterials can be grown over macroscopic areas on substrates using a recently
developed crystallization technique. Trench confinement molds these crystals into discrete faceted
metacrystals with controlled size, position, and orientation.
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defined by DNA design and determine coupling between NPs).%4140220 Indeed, microscale crystals
with over 50 distinct symmetries and numerous lattice parameters have been synthesized, opening
a vast design space for metamaterials with diverse optical properties.>* Here, we explore one
possible class of DNA-assembled metamaterials, effective dielectric media made from
capacitively coupled nanocubes arranged in a simple cubic SL.%146 We use an effective parameter
retrieval method to extract effective optical parameters from finite-difference time-domain

(FDTD) simulations of metamaterials with various structural parameters. The results show that
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effective refractive index can be tuned using both nanocube size and interparticle spacing (Figure
6-8). Specifically, decreasing nanoparticle size (from 90 to 60 nm) while keeping interparticle

spacing at 20 nm results in smaller refractive indices (from ~3 to ~ 2.6). On the other hand,
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Figure 12-8. (left and middle) Extracted refractive indices from DNA-assembled metasurfaces. Ways to
tune the effective optical parameters of DNA-assembled metasurfaces include nanocube edge length and
DNA length. (right) SAXS patterns from 3D metasurfaces assembled with different nanoparticle edge
lengths, showing extremely high crystallinity in all cases.

decreasing interparticle spacing (from 24 to 4 nm) results in larger refractive indices (from ~2.6 to
~6). Experimentally, we assembled metasurfaces from nanocubes with edge lengths varying from
65 to 80 nm. Small-angle X-ray scattering characterization shows extremely sharp peaks with

many diffraction orders for all three cube sizes, indicating that the SLs are highly crystalline.

As an example of using trenches to template the assembly of optically-active metacrystals,
we patterned a 12 x 12 array of identical square trenches of 3 um edge lengths and used them to
direct the assembly of 80 nm cube PAEs (Figure 6-7). A large-area SEM image shows that SLs
grew inside each of the trenches, while the zoomed-in SEM image in shows that the PAEs filled

the trench, forming a square-prism mesoscale habit. Furthermore, an image taken at a 40° tilt angle
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shows that a typical metacrystal in the array consists of around six PAE layers. To characterize the
crystallinity of the metacrystal arrays, a large-area small angle X-ray scattering (SAXS) pattern
was collected on the entire array. Indexing the 1D integration of the SAXS pattern indicates that
the SLs are highly crystalline, with simple-cubic symmetry and a lattice constant of ~100 nm. As
a control, we also grew SLs from cube PAEs of similar size and identical DNA design on a bare
Au wafer (Figure 1). The 1D SAXS pattern from this sample (Figure 2c) shows similar symmetry
and lattice constant to that from the SL array, indicating that SLs inside the template grew

according to their bulk crystal structure, as previously revealed in the structural study.

Figure 13-9. Shaping 3D metamaterials into habited metacrystals with controlled, tunable sizes and aspect
ratios.

In a previous work, we discovered that metacrystals of identical materials parameters (cube
size and DNA length) can be engineered to exhibit tunable Mie resonances by virtue of habit
size.1*8 Specifically, we found that larger metacrystals give rise to resonances at longer
wavelengths, analogous to Mie resonances in dielectric NPs. In addition, changing the aspect ratio

of metacrystals could allow tuning of their Mie resonances. Here, we use the in-plane size and
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aspect ratio of templates to control the

morphology of the resultant metacrystals.
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Figure 14-10. Synchrotron FTIR mreasurements of (Figure  6-8)
individual metacrystals growth in square trenches of
varying edge lengths from 1-3 um.

reveal that the resultant
metacrystals are well-confined within the
template trenches and, as a result, their in-plane sizes and aspect ratios are dictated by those of the
trenches. In addition, although the 3 um crystals contain a few grain boundaries, single crystals
could be grown on the same substrate for sizes varying from 1-2.5 um. SEM images taken at a 40°
tilt angle show that the metacrystals are 3-dimensional in nature and contain, on average, 6 layers
of PAEs. Importantly, SLs with non-unity aspect ratios, including these rod-like SLs, cannot be
obtained using solution-grown methods, which produce Wulff-shaped crystal habits (cubic PAEs
form cube-shaped habits). As such, template-directed assembly enables researchers to access new
crystal habits, including these elongated ones, which could give rise to polarization-dependent

scattering.??!

To optically characterize metacrystals of varying sizes, we utilized a synchrotron source to
perform far-field Fourier-transform infrared (FTIR) extinction measurements on individual

metacrystals grown in square trenches of edge length varying from 1 to 3 um. The beam spot size
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was ~8 um, while the spacing between metacrystals was 15 um, so each spectrum represented
signal from a single metacrystal. We found that metacrystals of all sizes gave rise to multiple Mie
resonance peaks, which red-shifted as a function of increasing trench size. For a metacrystal grown
insidea 1 um x 1 um template, the first-order Mie resonance occurred at ~3.8 um, while it occurred

at ~7.2 pum for a 3 um metacrystal (Figure 6-9).
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Figure 15-11. Tabletop FTIR measurements performed on arrays of metacrystals. Selected synchrotron

FTIR measurements with 8 um spot size are collected at various locations within the array, showing
uniformity in optical response.

In addition to the size-control offered by SL assembly in templates, a major advantage of
this synthetic platform over those performed in solution is that uniform arrays of metacrystals can
be grown, enabling ensemble measurements of their optical properties. We patterned arrays of at
least 12 x 12 metacrystals and measured their optical response using a tabletop FTIR spectrometer.

Specifically, we performed far-field reflection measurements on arrays of 1, 2, and 3 pum
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Figure 16-12. Large-area patterning of metacrystals.
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metacrystals, spaced by 5 um (Figure 6-
10). Indeed, the spectra show that
tabletop FTIR can resolve multiple Mie
resonance peaks for each array, with
resonances at longer wavelengths for
larger metacrystals. Next, we performed
synchrotron FTIR measurements on
each array to confirm the uniformity of
metacrystals within an array. For the 3
pm array, a 10 x 10 grid of
measurements were taken at 8 um
spacings, for a total of 100
measurements. Importantly, because the
beam spot size (8 um) was larger than
the spacing between metacrystals (5
pum), each measurement could include
signal from up to four metacrystals. Four
representative spectra from various
spots within the sample are plotted in

Figure 5g. Although the exact peak

positions vary for different spots, the spectra all show two main peaks at ~4.7 um and ~3.4 um,

respectively, indicating high uniformity. Furthermore, the average of all 100 spectra is shown in
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Figure 6-10, showing reasonable agreement with that measured using tabletop FTIR. Indeed, the

spectral locations of all three main peaks match, as indicated with dotted lines.

To demonstrate that this method can be scaled up for large-scale fabrication of
metacrystals, we used EBL to pattern a 100 x 100 array of metacrystals in 1.2 um x 1.2 pm square
trenches (Figure 6). Close-up SEM images shows that every trench contains a metacrystal
comprised, on average, of ~11 x 11 x 4 nanocube PAEs arranged in simple cubic lattices. Notably,
although we utilized EBL as a proof of concept, any lithographic technique that can produce
microscale features into a polymer resist should be compatible with this assembly method.
Scalable fabrication of 3D optical metamaterials is a major challenge in the metamaterials

community? and our platform provides a viable solution.

Reflection (a.u.)

s=0.25*L
| s=0.1*L
2 3 4 5 6 7 8
Wavelength (um)

Figure 17-13. (left) Simulated reflection of metacrystal arrays with varying periodicities. L is the edge
length of an individual metacrystal (900 nm), and s is the spacing between metacrystals. (right) Calculated
magnetic field profile at various wavelengths including the first-order lattice mode, isolated Mie resonance,
and second-order lattice mode.
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Finally, we used electromagnetic simulations to explore using the spacing between
metacrystals within an array as an additional degree of hierarchy to engineer optical properties.
Specifically, we performed 2D simulations, modeling the SLs as an array of gold rods, infinitely
extended in the z direction. The left panel of Figure 6-12 shows calculated reflection spectra of
metacrystal arrays with varying periodicity. The figure shows the clear appearance of a dispersive
lattice mode arising from the diffractive coupling between metacrystals, which shifts as a function
of periodicity. For example, for a spacing, s, of 7*L, where L is the edge length of an individual
metacrystal, the first-order lattice mode occurs at ~7.5 um. This mode assignment is further
supported by the magnetic field profile which shows a single node in magnetic field between
metacrystals. The broad dip at ~5.5 um is the isolated Mie resonance, where magnetic field is
concentrated inside the metacrystals. A second-order lattice mode occurs at ~3.8 pm. Importantly,
when the lattice mode is spectrally close to the isolated Mie resonance, they couple, as indicated

by the sharpening of the resonance.

6.4 Conclusions

In conclusion, we studied the DNA-mediated crystallization of nanocubes under lateral
confinement on substrates. We discovered that the combined use of DNA-functionalized substrates
and microscale trenches enabled simultaneous control over in-plane and out-of-plane SL
orientations as well as habit size, offering unprecedented architectural control in DNA-assembled
SLs. In addition, ptychographic imaging of SLs revealed that the defect structure depends largely
on trench size due to the nucleation, growth, and coalescence mechanism by which the SLs form.
This work serves as a proof-of-concept demonstrating the use of lateral confinement in PAE
systems and opens the door to further studies such as accessing low-symmetry crystals using

incommensurate trench shapes or studies of size-dependent physical properties. Finally, we
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showed that arrays of trench-grown SLs exhibit uniform mid-IR Mie resonances, which can be

measured using tabletop FTIR.
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6.5 Experimental Details

Figure 6-14. Stitched 2D SAXS patterns from a typical microfocus SAXS experiment. Each SAXS pattern
is from a unique sample spot.

Figure 6-15. Integrated intensity map. Each pixel represents the integrated intensity over all pixels in a
2D SAXS pattern in Figure S2. The high intensity region (yellow) reflects strong diffraction from the
sample area, while the weak intensity region (blue) is the background.
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Large Area SEM Images

Figure 6-16. SEM images of arrays of 2 um SLs grown in 0.3 M NacCl.
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Figure 6-17. SEM images of arrays of 3 um SLs grown in 0.3 M NacCl.
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Figure 6-18. Orientation distribution of 2 um SLs growin in 0.3 M NaCl, determined from SEM images.
(top) SEM image of the measured sample area with lines drawn to show the superlattice orientation

(bottom) Histrogram of orientations (offset from 0°, representing {100} facets parallel to trench walls.
Standard deviation: 22.79°.
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Figure 6-19. Orientation distribution of 3 pm SLs growin in 0.3 M NaCl, determined from SEM images.
(top) SEM image of the measured sample area with lines drawn to show the superlattice orientation.
(bottom) Histrogram of orientations (offset from 0°, representing {100} facets parallel to trench walls.
Standard deviation: 20.77°.
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Figure 6-20. Azimuthal average and linecut.
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Figure 6-21. Side-by-side layout of ptychography reconstructions and their FFT patterns from typical
SLs grown in 1 um trenches.
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Color code for orientation

Figure 6-22. Ptychography data from typical SLs grown in 2 um trenches. For each set, the ptychography
reconstruction is on the left, FFT of ptychography reconstruction is in the middle, and orientation-based
color overlay is on the right.
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Color code for orientation

Figure 6-23. Ptychography data from typical SLs grown in 3 um trenches. For each set, the ptychography
reconstruction is on the left, FFT of ptychography reconstruction is in the middle, and orientation-based
color overlay is on the right.
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Figure 6-24. Examples of SLs exhibiting curved PAE rows which connect neighboring grains across a
grain boundary, making it difficult to determine the precise locations of grain boundaries.
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CHAPTER 7

Conclusions and Future Remarks

The scalable fabrication of 3-dimensional (3D) optical metamaterials is a major challenge
preventing metamaterials from progressing towards commercial applications. Towards this end,
colloidal crystal engineering with DNA represents a versatile method to scalably fabricate 3D,
crystalline metamaterials with emergent optical properties, as detailed in this thesis. Although
many unique and structurally sophisticated materials have been assembled using this technique,
some of which have been shown to be optically active, advances in the targeted synthesis of
superlattices with desired optical properties are few. Indeed, most of the previous studies of
optically-active colloidal crystals involve uncovering the optical response of already available

materials, mainly due to their ease of synthesis.

In my thesis work, I sought to advance to colloidal metamaterials assembled with DNA by
taking a materials-by-design approach. Specifically, | developed new synthetic approaches to
assemble previously unattainable structures which are designed using electromagnetics
simulations and theory to exhibit targeted metamaterials responses. Notably, most of the work in
this thesis (Chapters 2, 3, 5, 6) centered on metamaterials made from capacitively-coupled
anisotropic nanoparticles which exhibit extreme field confinements and ultrahigh refractive
indices. Within this thesis, studies of these capacitively-coupled nanostructures across three
dimensionalities were discussed. First, arrays of isolated nanocube-on-mirror cavities were used
to enhance the emission from embedded dye molecules. Next, a new synthetic method to assemble
highly crystalline, 2-dimensional arrays of nanocubes on a metallic film were discussed. These
films were designed to behave as epsilon-near-zero (ENZ) metasurfaces, with ENZ conditions

tunable throughout the near-IR regime. Finally, novel methods to assemble densely packed 3D
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nanocube superlattices with high crystallinity and uniformity were developed. Using
electromagnetics simulations and FTIR measurement, we discovered that the superlattices
behaved as high-refractive index dielectrics, which gave rise to tunable Mie resonances when
confined in cube-shaped microscale habits. Furthermore, the 3D metamaterials could be grown
over macroscopic areas and shaped, using lithographically-patterned trenches, into discrete
microscale superlattices. Notably, this technique enabled arrays of high refractive index
superlattices to be synthesized, introducing another degree of hierarchy to the design of colloidal
metamaterials. Taken together, the work in this thesis lays the framework for scalably fabricating
metamaterials using colloidal nanoparticles and proposes several potential applications based on

their emergent optical properties.

Moving forward, arrays of metacrystals could be designed to exhibit hierarchical optical
properties. For example, in Chapter 6 of this thesis, we predicted that arrays of metacrystals could
give rise to diffractive lattice modes, which can couple with Mie-resonances to produce near-
perfect absorption. Additionally, in Chapter 3, we proposed a negative refractive index material

made from arrays of cuboid-shaped metacrystals.

Beyond this thesis work, the versatility of DNA-mediated assembly could enable the design
and assembly of a virtually endless number of novel metamaterials with targeted optical responses.
For example, the nanoparticle core can be changed to those of other shapes, sizes, or compositions.
In addition, “alloys” of multiple nanoparticle cores could introduce more complex coupling in
plasmonic superlattices. Dielectric nanoparticles, such as those made from SiO2 or TiO2 which
sustain magnetic resonances, could act as magnetic meta-atoms. When these are assembled
together with plasmonic nanoparticles with electric resonances, the resultant superlattices could

exhibit negative refractive indices in the visible regime.



174

In another application, discrete 2- and 3D superlattices could be assembled together on a
patterned substrate into an integrated photonic microcircuit. In such a circuit, each individual
superlattice structure performs its own optical function, acting for example as a laser, waveguide,
amplifier, or detector. Together, these components can be designed to perform tasks using the
transmission of light signals, which could become a much faster and lower power alternative to

electronic circuits.

Finally, to aid the commercialization of devices made from colloidal metamaterials, future
research should center around methods to incorporate earth-abundant plasmonic nanoparticles into
DNA-assembled superlattices. For example, methods to synthesize aluminum nanoparticles with
spherical and polyhedral shapes are currently being developed by Naomi Halas et al. The group
found that aluminum nanoparticles are passivated with a thin oxide layer, rendering them stable
against oxidation. The passivated particles retain the intense plasmonic properties of aluminum,
making them promising building blocks for colloidal metamaterials. Future research will focus on
synthesizing aluminum nanoparticles in high yield and with control over size and shape as well as

developing methods to functionalize their oxide-passivated surfaces with DNA ligands.
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