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ABSTRACT

The limitations in physical dimensions of silicon transistors give us a stimulus
to explore alternative systems for better computational performance. The most
promising system that received a lot of attention in the past few years is a quantum
computer. Ideally, a nanophotonic quantum computer would consist of hundreds of
single-photon emitters, optical or plasmonic resonators, optical waveguides and in-
terconnects. The main difficulty in large-scale production of such quantum photonic
networks is the integration and deterministic coupling of single-photon sources to
photonic elements.

In the first part of this thesis, we utilize spontaneous parametric down-conversion to
create correlated pairs of indistinguishable photons. These photons are generated
by bismuth borate nonlinear crystal and then are coupled to a photonic chip where
they interfere at directional couplers to produce a path-entangled state. Our pho-
tonic chip consists of waveguides, directional couplers, and a single Mach-Zender
interferometer with a thermo-optic phase shifter. When a part of the waveguide
connecting directional couplers is replace with a plasmonic waveguide, quantum
state of photons is converted to plasmonic state. Here we report a measurement of
path entanglement between surface plasmons with 95% contrast, confirming that a
path-entangled state can indeed survive without measurable decoherence. Our mea-
surement suggests that elastic scattering mechanisms of the type that might cause
pure dephasing in plasmonic systems must be weak enough not to significantly
perturb the state of the metal under the experimental conditions we investigated.

The second part of this work is dedicated to the study of a novel DNA origami
self-assembly technique for creating hybrid nanophotonic architectures to create
single-photon emitters. DNA origami is a modular platform for the combination
of molecular and colloidal components to create optical, electronic, and biological
devices. We present a DNA origami molecule that can be deterministically posi-
tioned on a silicon chip within 3.2◦ alignment. Orientation is absolute (all degrees
of freedom are specified) and arbitrary (every molecule’s orientation is indepen-
dently specified). The use of orientation to optimize device performance is shown
by aligning fluorescent emission dipoles within microfabricated optical cavities.
Large-scale integration is demonstrated via an array of 3,456 DNA origami with 12
distinct orientations, which indicates the polarization of the excitation light. Fol-
lowing this experiment, we explore how many molecular emitters can be coupled
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to this DNA origami shape and discover interesting interactions between ssDNA
extensions that can cause origami to fold along its seam. Finally, we examine DNA
origami self-assembly methods that can be used to deterministically couple single-
photon emitters to resonators in order to decrease pure-dephasing rates and increase
indistinguishability of emitted photons.
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C h a p t e r 1

INTRODUCTION

1.1 Linear optical quantum computing

As chipmakers around the world push the performance of extreme ultraviolet
lithography and Samsung reports the smallest manufactured transistor size of 3 nm,
we are approaching physical limits in the number of atoms that can operate as a
classical gate. While quantum computers cannot offer a comprehensive replacement
for classical computers, they can solve problems such as factoring large integers,
optimization problems and quantum physics simulations that are impossible for any
classical supercomputer in the world. Quantum computing can significantly aid in

Figure 1.1: Universal liner optical processor. A: An m-mode circuit that can be
used to realize any LO operation. It consists of Mach-Zender interferometers M8, 9

built from phase shifters (yellow) and beamsplitters, to control photon amplitudes
(U8, 9 ) and phases (q8, 9 ). B: Multiphoton ensembles are generated via spontaneous
parametric down-conversion, comprising a BiBO crystal, dichroic mirrors (DM),
and interference filter (IF), preceded by a pulsed Ti:sapphire laser and second
harmonic generation from a bismuth borate (BiBO) crystal. Photons are collected
into polarization-maintaining fibers and delivered to the LPU via a packaged v-
groove fiber array (VGA). Adapted from (Carolan et al., 2015).
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drug discovery, break modern encryption protocols, introduce save communications
and expand the power of artificial intelligence. That is why companies are racing
to build reliable quantum computers and governments invest billions of dollars for
academic research.

In 2001 (Knill, Laflamme, and Milburn, 2001) proposed a method for effi-
cient quantum computation that relies on using only beamsplitters, phase shifters,
single-photon sources and photo-detectors. (Carolan et al., 2015) built a universal
liner optical processor (LPU) and demonstrated implementation of several quan-
tum information protocols with a maximum number of six photons. The proposed
processor itself could be easily scaled up by semiconductor manufacturing process.
Furthermore, integrated options exist for single-photon detection such as supercon-
ducting nanowire single-photon detectors (Goltsman et al., 2001). However, scaling
up spontaneous down-conversion sources requires significant increase in the laser
power and a huge number of involved free-space optical components. In the next
section, we will discuss different examples of solid-state single-photon sources and
their suitability for large-scale fabrication.

1.2 Single-photon sources

For the first time, a single-photon source was demonstrated in 1974 by utiliz-
ing a cascade transition within mercury atoms (Clauser, 1974). Since then many
systems were used for generation of single-photons. Many quantum key distribu-
tion experiments ((Bennett et al., 1992), (Hiskett et al., 2006), (Fernandez et al.,
2007)) used weak coherent pulses of a laser beam attenuated down to a single-
photon level. This method was convenient, even though weak coherent pulses are
pseudo-single-photon sources.

• Trapped atoms. A true single-photon source is an isolated two-level atom
system. The excitation of the neighboring atoms may result in multi-photons
emission, thus various isolation and filtering techniques can be applied such
as ion-traps, optical cavities and magneto-optical traps. However, isolating a
single atomwith the help of traps is very challenging, requires bulky apparatus
and not scalable for multi-qubit operations.

• Color centers in diamond. In 1954, (Kaiser and Bond, 1959) identified
that diamond can have isolated single nitrogen impurities and (Brouri et al.,
2000) observed photon antibunching in the fluorescent light emitted from
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a single nitrogen-vacancy center in diamond at room temperature. Color
centers in diamond until now remain one of the top candidates for on demand
single-photon generation sources.

• Quantum dots. Quantum dots (QDs) are small semiconductor particles or
structures that confine electron in three dimensions and cause quantization
of energy transitions. The fluorescence of colloidal CdSe/ZnS nanocrystals
at room-temperature exhibits perfect antibunching under excitation as was
studied in (Michler et al., 2000) and (Brokmann et al., 2004). Additional
techniques can be applied to improve indistinguishability of emitted photons
(Saxena et al., 2019). The indistinguishability of these solid-state emitters is
largely limited by dephasing and can be mitigated by using optical cavities in
these systems. By far the fabrication method of QDs that gives the best results
is self-assembly. This method is described in the review (Buller and Collins,
2009). Unfortunately, self-assembly is a random process and it is impossible
to control the precise location of a QD. This nature of self-assembled QDs
makes it difficult to integrate them into nanofabricated cavities and build
large-scale optical networks.

• Monolayer transition metal dichalcogenides and monolayer and multi-
layer hexagonal boron nitride. 2D materials gained popularity in the recent
years due to the several advantages over emitters embedded into 3D materials
such as color centers in diamond and QDs. Atomically thin transition metal
dichalcogenides, such as MoS2, MoSe2, WS2, and WSe2 (Tonndorf et al.,
2015) and two-dimensional hexagonal boron nitride (Tran et al., 2016) show
much greater quantum efficiency and single-photon emission rates at room
temperature. Integration strategies of 2D materials with microfabricated pho-
tonic networks require precise pick-and-place techniques, which is extremely
challenging (Peyskens et al., 2019). However, CMOS compatibility and po-
tential for electric tuning and control of emission makes 2D materials one of
the most promising hosts for single-photon emitters.

• Heralded photons. Heralded means that the presence of a photon in one
mode is defined by the detection of its pair photon. The most popular types of
heralded single-photon sources are spontaneous parametric down-conversion
((Hong and Mandel, 1986), (X. Zhang, Xu, and Ren, 2018)) and spontaneous
four-wave mixing. The next section describes spontaneous parametric down-
conversion in detail.
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Spontaneous parametric down-conversion

Spontaneous parametric down-conversion is a nonlinear process, which is used
in quantum optics for generation of correlated photon pairs. The correlated photon
pairs are generated in a nonlinear crystal from the incident single photons of a pump
frequency l0. Conservation of the energy requires that the initial and generated
photons with frequenciesl1 andl2, respectively, will satisfy the following relation:

l0 = l1 + l2.

Moreover, the momentum of the system of the initial and generated photons
also needs to be preserved:

k0 = k1 + k2,

where :8 is a wave vector of the photon in the crystal as depicted in the figure 1.2.

Figure 1.2: Schematic representation of a down-conversion process within a
nonlinear crystal. A single photon of a frequency l0 simultaneously generates
a pair of signal and idler photons of frequencies l1 and l2 subject to the phase-
matching conditions.

The second condition is equivalent to requiring that the nonlinear waves and
the fundamental beam all remain in phase throughout the nonlinear medium. These
two conditions are also called phase-matching conditions (Fox, 2006).

Due to the dispersion of the refractive index in the nonlinear crystal there
are a limited number of the frequencies combinations allowed by phase-matching
conditions. Phase-matching conditions can be divided into the two types according
to the polarization of the initial and generated beams. In the type I phase-matching
the polarizations of the down-converted photons are parallel to each other and
orthogonal to the pump photon, while in type II phase-matching the down-converted
photons have orthogonal polarizations (Bhar, 1991).
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Since for the perfect two-photon quantum interferencewe need a pair of nondis-
tinguishable photons, we use degenerate spontaneous parametric down-conversion
process in a BiBO nonlinear crystal. When a strong UV pump laser beam is di-
rected at the crystal, most of the photons continue straight through it. However,
occasionally some of the photons undergo spontaneous down-conversion with type
I polarization correlation and the resultant correlated photon pairs have trajectories
that are constrained to be within a cone, which axis is parallel to the pump beam.
Due to the conservation of energy, the two photons are always symmetrically located
within the cone, relative to the pump beam as in figure 1.3.

Figure 1.3: Generation of the correlated photons pairs with the same polar-
ization by degenerate down-conversion with type I phase-matching in a BiBO
crystal.

The BiBO crystal has excellent optical properties such as a high nonlinearity
effect, a wide range of transparency from the ultraviolet to infrared wavelength and
a high damage threshold. It has been used extensively in research for generation
of entangled photons. The theoretical investigation of the optimal phase-matching
conditions in the spontaneous parametric down-conversion process undergoing in
the BiBO crystal one can find in (Huo, H. Chen, and M. Zhang, 2016).

Integrated single-photon sources

The progress in electronic and optical devices is mainly driven by miniaturiza-
tion of the functional components and confinement of light. This approach enables
to decrease energy consumption and material use. If several material systems are
utilized, such device can be called as hybrid (Benson, 2011). Ideally a nanophonic
hybrid quantum network would consist of hundreds of single-photon emitters, op-
tical or plasmonic resonators, optical waveguides and interconnects. The main
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difficulty in large-scale production of such quantum photonic networks is the inte-
gration and deterministic coupling of single-photon sources to photonic elements.
All existing fabrication methods can be divided into the following categories:

• Stochastic or random. This is probably the most widespread method since it
does not require additional fabrication efforts. In this method, single-photon
emitters (colloidal and self-assembled QDs, color centers in diamond) are
randomly positioned or grown on a substrate in large quantities. Then, a
number of resonators or optical circuits are fabricated on the same substrate
on top of the layer with quantum emitters. Afterwards, the substrate is
scanned for the devices that by chance got an optical cavity built on top of an
emitter. The yield of such process is very small, however, there is a number of
distinguished researchers that built such systems and demonstrated quantum
electrodynamics phenomena on an integrated photonic platform (Englund,
Faraon, et al., 2007), (Faraon et al., 2011), (Choy et al., 2011).

• Deterministic scanning and localization. This approach requires identifying
the position of an emitter on a surface of the substrate prior to positioning
a cavity. Atomic force microscopy was used to locate an absolute position
of self-assembled QDs in (Hennessy et al., 2007). In the following step, a
photonic crystal cavity was positioned relative to the pre-selected QD, so that
the electric-field maximum of the cavity was aligned to the QD. They have
observed a strong coupling of the QD to the cavity in the spectral and time
domains. Another method in this category includes using a scanning probe tip
to push a cavity over an emitter as in (Englund, Shields, et al., 2010). Other
scanning-prove approaches are discussed in the review (Benson, 2011) but all
of them are inherently impossible to scale up.

• Directed self-assembly. Directed self-assembly method is based on litho-
graphically pre-defining sites that are able to immobilize nanoparticles ((Y.
Chen et al., 2018), (Jiang et al., 2015)) or molecular single-photon emitters
(Gopinath, Miyazono, et al., 2016). In the case of nanoparticles such as col-
loidal QD the sites have to be small enough to hold exactly one particle, which
is challenging for the current semiconductor UV technologies due to the small
QD size. However, directed self-assembly is the most promising method for
creating scalable hybrid nanophotonic networks for quantum computing and
communication. In this work, we are focused on the method of directed DNA
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self-assembly, which will be described in the following sections. This method
is fully CMOS compatible, scalable and offers a greater resolution compared
to other top-down directed self-assembly techniques.

1.3 DNA origami enabled nanophotonics

DNA self-assembly

As was discussed in the previous chapter, the top-down semiconductor
nanofabrication methods have limitations on the resolution and, ultimately, on the
number of electronic components that can fit in a personal computing device. Molec-
ular self-assembly is spontaneous organization of molecules into stable, structurally
well-defined aggregates under equilibrium (Whitesides GM, 1991). These methods
typically produce relatively large structures between 1 and 100 nm in size and with
molecular weights from 104 to 1010 daltons. The larger molecular aggregates are
comparable in size to the structures developed by photolithographic methods and
provide an alternative and inexpensive method to conventional top-down fabrication
techniques.

Deoxyribonucleic acid is a molecule composed of two polynucleotide chains
that form a double helix carrying genetic information. The two DNA strands are
composed of monomeric structures that are called nucleotides. There are only 4
types of nucleobases: cytosine (C), guanine (G), adenine (A) or thymine (T). To-
gether with a sugar called deoxyribose, and a phosphate group nucleobases compose
nucleotides. The nucleotides are attached to one another through hydrogen bonds
forming a DNA double helix. Watson-Crick base pairing principle allows each type
of nucleobase to bind with just one type of nucleobase. Therefore, each single strand
of the DNA can be joined by a specific complimentary strand. The Watson-Crick
property allows designing DNA nanostructures with great combinatoric variability.
Since the diameter of each strand of DNA is about 2 nm, and the helical pitch is
about 3.5 nm, each nucleotide base pair could be considered as a building block or
"pixel" in the field of "DNA nanotechnology" (Nadrian C. Seeman, 1982). In nature,
genome DNA exists in highly wrapped conformation assisted by histone proteins
in order to fit in a cell nucleolus and fulfill its biological functions (Jin and Grote,
2016). However, these programmed DNA molecules always take linear shapes.
Branched DNA tiles are introduced to increase the complexity and rigidity of DNA
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nanostructures. This principle was used to create a number of two-dimensional
periodic structures (Nadrian C Seeman and Lukeman, 2004),(Chworos et al., 2004)
and three-dimensional shapes (J. Chen and Nadrian C. Seeman, 1991), (Y. Zhang
and Nadrian C. Seeman, 1994).

Figure 1.4: Design of DNA origami. a: A long single-stranded DNA origami
strand is folded to raster fill a shape in red. b: Red crossovers connect different parts
of the scaffold (black) together. c: Usually a seam of the origami runs through the
middle of the shape. d: Similar to c with strands drawn as helices. e: A finished
design after merges and rearrangements along the seam. Adapted from (Rothemund,
2006).

In 2006, Paul Rothemund presented a new self-assembly technique which he
called "scaffolded DNA origami" (Rothemund, 2006). DNA origami can be formed
by folding a long single strand of DNA into desired shapes and using numerous
short single strands of DNA that work like staples holding a shape together. A
geometric model of a DNA origami is first designed by raster filling a desired shape
of DNA origami by a double helix as depicted in figure 1.4. To hold the shape
composed of the double helices together, shorter strands, or "staples", are used to
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create crossovers at specific locations. Thismethod enables to synthesize various 2D
and 3D shapes 1.5. Besides increased structural versatility of such nanostructures,
surface of DNA origami shapes is composed of hundreds of individually accessible
pixels. These pixels form a so-called "breadboard", every point of each could be
accessed through DNA strands and functionalized with compatible molecules and
nanoparticles. The majority of examples of implementation of DNA origami self-
assembly for nanophotonic structures are dealing with a 100-nm-sized DNA origami
shapes with a spatial resolution of about 5 nm.

Figure 1.5: DNA origami shapes.. Top row, folding paths. Second row from
top, diagrams showing the bend of helices at crossovers (where helices touch) and
away from crossovers (where helices bend apart). Bottom two rows, AFM images.
Adapted from (Rothemund, 2006).

DNA nanophotonics

Driven by relatively cheapDNA synthesis costs, advanced and accessible com-
putational design and analysis tools, DNA origami based nanotechnology evolves
rapidly and facilitates a myriad of innovative studies demonstrating novel appli-
cations in material science. Nanometer-precise positioning of organic dyes and
biomolecules at a large scale is easily achievable. Hybrid self-assembly of DNA
origami functionalized with plasmonic nanoparticles, colloidal QDs and organic
dyes is more challenging due to interface chemistry between different components.
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However, there are several successful examples in the field of nanophotonics as
discussed in (Pilo-Pais et al., 2017). DNA origami enabled self-assembly of hy-
brid nanostructures is specifically successful in confinement and manipulation of
light due to the high arrangement precision of synthesized structures (Acuna et
al., 2012). Thus, Purcell enhancement of light ≥ 4 × 103 was demonstrated in
(Chikkaraddy, Turek, et al., 2018) and strong coupling was achieved at room tem-
perature (Chikkaraddy, Nijs, et al., 2016).

Deterministic positioning of DNA origami

In this thesis, we are focused on the exceptional property of DNA origami to
bind to pre-defined areas of the substrate under certain conditions. As discussed
above, directed self-assembly is crucial for building quantum optical networks at
a larger scale. The advantage of the DNA origami comes from leveraging both
its structural versatility and a larger molecular size. Within the shape of the DNA
origami, it can be accessed and functionalized every 5-nm of its surface area by de-
signing an appropriate combination set of sticky staples. Furthermore, it is possible
to electrostatically immobilize origami on binding sites and, since origami is a large
molecule with a size of around 100nm, these sites could be defined lithographically
with much greater precision than smaller sites for a single nanoparticle of a 5-nm
size. Directed self-assembly method of DNA on lithographically defined structures
was demonstrated in a number of works ((Hung et al., 2010), (Kuzyk et al., 2008),
(Kershner et al., 2009), (Gerdon et al., 2009), (Gao et al., 2010), (Ding et al., 2010),
(Penzo et al., 2011), (Pearson et al., 2011), (Scheible et al., 2014)), however, the
method presented by (Gopinath and Rothemund, 2014) has proven to be the most
versatile and accurate. The full scalability, 5-nm precision and integration with stan-
dard semiconductor manufacturing process of directed DNA origami self-assembly
was demonstrated in (Gopinath, Miyazono, et al., 2016). For that paper, the authors
were able to fabricate specifically designed 65,536 optical devices on a single chip.
Each device comprised of a photonic crystal cavity and a number of DNA origami
that was varied from 0 to 7, representing 8 intensity levels. DNA origami were po-
sitioned in the antinodes of the cavities and had either 3 or 15 organic dyes resonant
with the cavities. By collecting the fluorescence from the arrays of such devices,
they were able to reproduce a famous painting by Van Gogh with a 65,536-pixel
greyscale image.
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1.4 Scope of this thesis

Chapter II of this thesis covers our work on quantum path entanglement of
surface plasmons. The purpose of thisworkwas to experimentally studymicroscopic
interaction between surface plasmons and other excitations in material. We studied
surface plasmon propagation through plasmonic waveguides integrated on a chip
but, similarly to the majority of papers in this area, our source of heralded photons
and single-photon detectors were separate devices. This project opened our eyes
on a number of fundamental difficulties in integrated quantum photonics, such as
coupling efficiencies and absorption rates in plasmonic waveguides and bulky size
of single-photon generation systems. Thus, we have spent a significant amount of
time learning about scalable techniques for integration of single-photon sources and
appropriate strategies for efficient collection, enhancement and outcoupling of light
from these sources.

In the chapter III, we introduce the method of directed DNA origami self-
assembly on different substrates characterized by atomic force microscopy. We
describe how a particular origami shape can be used to achieve absolute orientation
on the substrate. Furthermore, we achieve large-scale implementation of thismethod
by integrating fluorescent molecular dipoles into devices with nanofabricated cav-
ities and measuring polarization of emitted light. We also address the question of
coupling large numbers of emitters to death star origami and deterministic placement
of definite numbers of emitters on different substrates.

Chapter IV is dedicated to the problems of indistinguishability of solid-state
emitters. We propose using DNA origami self-assembly methods to deterministi-
cally couple single-photon emitters to resonators in order to decrease pure-dephasing
rates. First, we discuss coupling of colloidal QDs to DNA origami and optimize
parameters for self-assembly and purification procedures. The we study assembly
methods for efficient coupling of single-photon emitter to resonators. We demon-
strate fabricatedmicroring resonatorwithQDs located in the antinodes of the electric
field on top of the ring. Afterwards, we discuss gold nanostructures organized by
DNA origami and the potential spontaneous rate enhancement of molecular emitters
in such antennas.

Finally, we describe fabrication methods and procedures in Appendix A.
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C h a p t e r 2

PATH ENTANGLEMENT OF SURFACE PLASMONS

Metals can sustain travelling electromagnetic waves at their surfaces supported by
the collective oscillations of their free electrons in unison. Remarkably, classical
electromagnetism captures the essential physics of these "surface plasma" waves
using simple models with only macroscopic features, accounting for microscopic
electron–electron and electron–phonon interactions with a single, semi-empirical
damping parameter. Nevertheless, in quantum theory thesemicroscopic interactions
could be important, as any substantial environmental interactions could decohere
quantum superpositions of surface plasmons, the quanta of these waves. Here we
report a measurement of path entanglement between surface plasmons with 95%
contrast, confirming that a path-entangled state can indeed survive without measur-
able decoherence. Our measurement suggests that elastic scattering mechanisms
of the type that might cause pure dephasing in plasmonic systems must be weak
enough not to significantly perturb the state of the metal under the experimental
conditions we investigated.

2.1 Classical description of surface plasmons

Plasmons are quantized excitations in a plasma, i.e. oscillations of the free
electron gas in metals. Collective excitations in classical plasmas were first studied
by Langmuir (Langmuir, 1928). An experimental evidence for the existence of
plasmons as a quantized excitation of the valence electrons in metals came from
characteristic energy-loss measurements (Marton et al., 1962). Multiple equidis-
tant peaks in the energy-loss spectrum of keV electrons transmitted through a thin
metallic foil presented a direct evidence for the quantization of the plasmon energy.

The concept of surface plasmons was introduced by Ritchie (Ritchie, 1957)
shortly after the discovery of bulk plasmons in metals. Surface plasmons are
quanta of the surface plasma wave excited at the interface between a metal and
dielectric material. Similarly to photons, surface plasmons are bosons: they are
vector excitations and have spin 1. The bosonic nature of single surface plasmons
was first discussed in the works of surface plasmon amplification by stimulated
emission of radiation (Spaser) (Bergman and Stockman, 2003) and (Stockman,
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2008). However, classical approach captures the essential physics of surface plasmon
and is capable of explaining its optical properties such as dispersion relation and
propagation. This theory treats electrons as independent particles and does not
consider lattice potential and interactions between electrons.

The simplest classical theory that gives a dispersion relation for surface plas-
mon propagation is Drude model. In this model free gas of electrons oscillate in the
response to the applied electromagnetic field. These oscillations are damped due to
collisions between electrons with an average time g between these collisions. The
equation of motion for an electron can be written as in (Maier, 2007):

<x + <Wx = −4E (2.1)

If we assume harmonic oscillation of the driving field E(C) = E0 exp(−8lC), a
particular solution to the equation of motion of a free electron in the Drude model
is presented by the following expression:

x(C) = 4

<(l2 + 8Wl)
E(C) (2.2)

Macroscopic polarization is a vector sum of electron dipole moments P = −4=x(C)
is proportional to the driving electric field E:

P(C) = − 42=

<(l2 + 8Wl)
E(C), (2.3)

and displacement field is explicitly given by:

D(C) = Y0(1 −
l2
?

l2 + 8Wl
)E(C), (2.4)

where l? = =42

Y0<
is plasma frequency of the Drude metal and depends on the

concentration of the free electrons in the metal. The expression for dielectric
constant Y is then given by:

Y(l) = Y0(1 −
l2
?

l2 + 8Wl
). (2.5)

Let us consider different frequency regimes and the dependence of the dielec-
tric constant Y on damping parameter W = 1/g. It can be decomposed according to
the physical nature of collisions between electrons, electrons and phonons and other
microscopic interactions involving electrons:

1/g = 1/g4−4 + /g4−?ℎ + ... + 1/gBDA 5 . (2.6)
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When the frequency of the electric field is large compared to the frequency of
electronic collisions lg � 1, the system experience negligible damping and Y(l)
becomes predominantly real:

Y(l) = 1 −
l2
?

l2 . (2.7)

However for realmetals this regime is substantiallymodified by intrabend transitions.
These interaction can be accounted for by adding a restoring force into (2.1) in a
Lorenz-Drude model:

<x + <Wx + <l0x = −4E. (2.8)

2.2 Surface plasmon polaritons at a single interface

Now we can find solutions for an electromagnetic wave travelling at the inter-
face of a dielectric with permittivity Y3 and a metal with permittivity Y<. Maxwell’s
equations for harmonic waves in the absence of space charges and currents take the
following form:

∇ · D = 0 (2.9)

∇ × E − 8lB = 0 (2.10)

∇ · B = 0 (2.11)

∇ ×H + 8lD = 0 (2.12)

where for the dielectric medium the expression for the displacement field is D =

Y0Y3E, for the metal the field D has a similar expression D = Y0Y<E and field
H = 1

`0
B.

As shown in the 2.1, we consider the interface between the metal and the
dielectric in the G − H plane, the region I > 0 has permittivity Y3 and the region
I < 0 has permittivity Y<. Equations (2.9) - (2.12) pose restriction for H:

H(r, l) =
©«

0
�H (I)48(:GG−lC)

0

ª®®®¬ , (2.13)

where the direction of the wave propagation is along the G-axis. The components of
�H (I) exponentially decay away from the surface:

�H (I) =

�H,04

I:3I I > 0

�H,04
I:<I I < 0

. (2.14)
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Figure 2.1: Geometry for surface plasmon propagation. The interface between a
dielectric and a metal is parallel to the x-axis and perpendicular to the z-axis.

Similarly, we can derive that:

E(r, l) = − 1
8lY0Y<,3

©«
−�′H (I)48(:GG−lC)

0
8:G�H (I)48(:GG−lC)

ª®®®¬ , (2.15)

Wave equation can be obtained by taking a curl from (2.12):

∇2H =
l2

22 Y<,3H, (2.16)

and by substitution of H from (2.13) into (2.16) we can get relations for G and I
components of : − E42C>A:

(:3I )2 = :2
G − Y3

l2

22 , (2.17)

(:<I )2 = :2
G − Y<

l2

22 . (2.18)

Using the boundary condition for G-component of the field E, we obtain the relation
for :I in the dielectric and in the metal:

:<I

:3I
= −Y<

Y3
. (2.19)

Finally, we arrive at the central result of this section, dispersion relation of SSP
propagating at the interface between dielectric and metal:

:G =
l

2

√
Y<Y3

Y< + Y3
. (2.20)

Figure 2.2 shows dispersion relation of SPPS propagating between a Drude
metal and an air with unit permittivity and between a metal and a fused silica with
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Figure 2.2: Dispersion relation of SPPs at the interface between silver and silica.
The real part of the wavevector is depicted by continuous black curve, the imaginary
part - by a black broken curve, the light line is shown in blue.

permittivity value of 2.25. On y-axis we have the frequency l and on x-axis we
have values for wave vector :G . The real part of the wavevector :G is presented
by continuous curves and the imaginary part by broken curves. The straight line
corresponds to the light dispersion silica. For small wave vectors SPP propagation
line is close to the light line and it is expected that surface plasmons that belong
to this region would exhibit similar quantum properties as optical photons. In the
experiments described in this chapter we used dielectric-loaded surface plasmon
polariton waveguides (DLSPPWs) to sustain SPPs propagation on the chip. The
detailed electromagnetic field description of the plasmon mode was calculated via
3D FTDT simulation software Lumeracal and the geometrical parameters of the
waveguide were chosen to minimize propagation losses. This regime corresponds
to "light-like" plasmons in our experiment. A similar quantum entanglement exper-
iment with plasmons belonging to a more dispersive region was also performed in
our group and is described in (Tokpanov et al., 2019).



17

2.3 Decoherence of surface plasmons
Classical models of surface plasma waves usually account for the microscopic

scattering effects responsible for loss using a single, semi-empirical Drude damping
parameter (Liu, Pelton, and Guyot-Sionnest, 2009). It is then straightforward to
quantize these waves by analogy to electromagnetic fields in free space (Elson
and Ritchie, 1971), (Tame, Lee, et al., 2008), (Archambault et al., 2010), (Tame,
McEnery, et al., 2013) with surface plasmons, their quanta, playing an analogous
role to photons. Experiments in the last several years have tested this analogy,
demonstrating singleparticle statistics (Akimov et al., 2007), (Kolesov et al., 2009),
(Heeres, Dorenbos, et al., 2010), (GiulianaDiMartino et al., 2012), squeezing (Huck
et al., 2009), entanglement (Altewischer, Exter, and Woerdman, 2002), (Fasel et
al., 2005), and quantum interference (Heeres, Kouwenhoven, and Zwiller, 2013),
(Fakonas et al., 2014), (G. DiMartino et al., 2014), (Fujii, Fukuda, and Inoue, 2014),
(Cai et al., 2014) in plasmonic circuits.

As hybrid excitations that involve both electromagnetic and electronic com-
ponents, surface plasmons occupy an interesting middle ground between photonic
systems, which typically interact weakly with their environments, and electronic
systems, which usually suffer much stronger environmental interactions. In partic-
ular, classical theories of surface plasmons include extra microscopic interactions
such as electron–electron, electron–phonon, and electron–surface scattering (Liu,
Pelton, and Guyot-Sionnest, 2009) that are absent for photons. These scattering
mechanisms contribute both to the absorption of a plasmon, which creates an elec-
tron–hole pair, and the subsequent thermalization of the hot electron and hole. The
full extent of these interactions is still a matter of some controversy, however, as elas-
tic scattering processes might (Guo et al., 2010), (Scharte et al., 2001) or might not
(Scharte et al., 2001), (Sönnichsen et al., 2002) cause ’pure dephasing’ of plasmons
that have not yet been absorbed.

If a surface plasmon scatters from phonons or electrons in the metal that sup-
ports it without being absorbed, thereby leaving behind a record of its existence
in the electronic or atomic motions of the metal, it should be possible to detect
such a scattering event as decoherence in a measurement of entanglement between
plasmons. Experiments to date have shown that photons that are entangled by polar-
ization (Altewischer, Exter, and Woerdman, 2002) or frequency (Fasel et al., 2005)
converted to plasmons and back to photons, but an experiment with path-entangled
plasmons has not been reported. One reason the latter experiment is particularly
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interesting is that the entangled state should decohere if the metals involved (i.e. the
’environment’) can detect the mere presence or absence of plasmons, as opposed
to distinguishing between their polarization states or frequency components. We
also note that the plasmonic waveguides we used for this experiment showed greater
confinement, dispersion, and loss than those studied in previous entanglement ex-
periments. Accordingly, we expect interactions between the plasmons and their
environment to be stronger in our case.

2.4 Two-photon quantum interference

Quantum interference in beam splitters is used in many optical linear quantum
computation schemes to create two-photon path-entangled states. The simplest
example of such two-photon quantum interference (TPQI) is the Hong-Ou-Mandel
interference.

Let us consider two beams of photons of the same polarization and frequency
coming from a single-photon source. These two beams contain correlated photon
pairs. When the path lengths of the beams are identical, the two photons arrive at
the beam splitter at the same time and interfere. When the single photons interfere
at a 50-50 beam splitter, destructive interference prevents the possibility that the two
photons go to different output ports, and both photons therefore emerge at the same
output in an entangled state. To find a rigorous explanation of TPQI, we need to
consider the beamsplitter in a fully quantummechanical context. At a level of single
or a few photons, the classical approach to the beam splitting produces erroneous
and quite misleading results (Gerry and Knight, 2004).

In a classical lossless beamsplitter, the two incident fields of complex ampli-
tudes �1 and �2 interfere with each other resulting in the output fields �1 and �2

as depicted in figure 2.3. This can be expressed by the following relation using the
matrix representation: (

�1

�2

)
=

1
√

2

(
1 8

8 1

) (
�1

�2

)
. (2.21)

The complex i that appears twice in (2.21) originates from the phase difference
that occurs for one of the reflections in the beamsplitter. This phase difference is
required by the law of the conservation of the energy and also holds in the case of
quantum interference. To treat the beamsplitter quantum mechanically, we should
replace the classical complex field amplitudes �8 and �8 by a set of annihilation
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Figure 2.3: Classical (a) and quantum (b) interference in a lossless beamsplitter.
�1 and �2 are incident classical electromagnetic fields. They correspond to the
annihilation operators 0̂1 and 0̂2 in case of quantum interference. The output
classical fields are �1 and �2 with the corresponding annihilation operators are 1̂1
and 1̂2.

operators 0̂8 and 1̂8, where 8 = 1, 2. This results in the following equation:(
1̂1

1̂2

)
=

1
√

2

(
1 8

8 1

) (
0̂1

0̂2

)
. (2.22)

The corresponding creation operators are found by taking the Hermitian conjugates
of (2.22): (

1̂1
†

1̂2
†

)
=

1
√

2

(
1 −8
−8 1

) (
0̂1
†

0̂2
†

)
. (2.23)

When the two photons interfere in the beamsplitter the input state can be
expressed in the form:

|Ψ〉8= = |1, 1〉 ,

where |1|1〉 is a state, when one photon is impinging on the input 1 and one photon
is impinging on the input 2. This state is created by two creation operators acting
on a |0, 0〉 state:

|Ψ〉8= = 0̂1
†0̂2
† |0, 0〉 .

The creation operators of the output mode can be calculated from (2.23) and related
to the creation operators of the input mode:(

0̂1
†

0̂2
†

)
=

1
√

2

(
1 8

8 1

) (
1̂1
†

1̂2
†

)
. (2.24)
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Now, we can use (2.24) to construct the output state from the action of the trans-
formed creation operators on the vacuum states of the output mode, since it is being
obvious that an input vacuum transforms to an output vacuum:

|0, 0〉8= → |0, 0〉>DC .

Thus, we can write:

0̂1
†0̂2
† |0, 0〉8= =

1
2
(1̂1 + 81̂2) (81̂1 + 1̂2) |0, 0〉>DC

=
1
2
(8(1̂1)2 + 8(1̂2)2) |0, 0〉>DC

=
8
√

2
( |2, 0〉>DC + |0, 2〉>DC).

(2.25)

This is an important result. At the output of our system we obtained a super-
position of the two states or the two-photon path-entangled state. Apparently, the
two photons emerge together such that photo-detectors placed in the output beams
should not register simultaneous counts. In fact, the absence of the simultaneous
counts can be used as an indication that the photons arrive at the first beamsplitter
at the same time.

Our motivation was to compare propagation of a quantum-entangled state
through almost lossless dielectric waveguides with propagation through strongly
dispersive plasmonic waveguides. In the setup when a two-photon path-entangled
state is generated at the dielectric beamsplitter and is propagated away towards photo-
detectors, the entangled state interacts with its environment before it impinges on
the detectors. If this interaction is strongly decohering, it will cause a collapse of
the wave function of the entangled state into a statistical mixture of |2, 0〉 and |0, 2〉
states. Nevertheless, 50% of the photons in this statistical mixture will be in the
state |2, 0〉 and the rest 50% will be in the state |0, 2〉 and the detectors will not
register coincidence counts, in the case when the two initial photons arrive at the
beamsplitter at the same time. Thus, with the setup with a single beamsplitter is
not able to indicate whether the interaction between the entangled photons and their
environment resulted in the decoherence of their quantum superposition state.

2.5 Path entanglement of surface plasmons

Figure 2.4 shows a schematic of our experiment. We create pairs of single
photons by spontaneous parametric down-conversion (SPDC) and couple them into
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Figure 2.4: Schematic of path-entanglement experiment. BiBO crystal; BPF —
bandpass filters (814±2.5 nm); PM—polarization-maintaining; MM—multimode;
SPAD — single-photon avalanche diode; DLSPPWs — dielectric-loaded surface
plasmon polariton waveguides.

a pair of waveguides which we fabricate on a silicon chip. The waveguides are
coupled at two sequential 50–50 directional couplers, forming a Mach–Zehnder
interferometer, and a resistive heater shifts the phase in one of the waveguides by the
thermo-optic effect. Between the directional couplers, we integrate dielectrically
loaded surface plasmon polaritonwaveguides (DSLPPWs) into the dielectric waveg-
uides. Above we derived that quantum interference at the first coupler produces a
path-entangled state:

|1, 1〉 ⊗ |�8〉
1st coupler
−−−−−−−−→ 1

√
2
( |2, 0〉 + |0, 2〉) ⊗ |�8〉 , (2.26)

where as before |8, 9〉 denotes a state with i photons in one waveguide and j photons
in the other but we omitted the subscripts "in" and "out" to avoid overcrowding
the formulae. |�8〉 represents the state of the environment before the photons are
converted to surface plasmons. Here, "the environment" refers to all of the degrees of
freedom of the electrons and phonons in the two metal pads that form the plasmonic
waveguides. (We describe decoherence in this system using a von Neumann model
of measurement, as described in section 3 of (Schlosshauer, 2005).) The heater
introduces a phase shift to only the component in which both photons are in the first
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waveguide:

1
√

2
( |2, 0〉 + |0, 2〉) ⊗ |�8〉

phase shift
−−−−−−−→ 1

√
2
(482Δq |2, 0〉 + |0, 2〉) ⊗ |�8〉 . (2.27)

Note that the relative phase Δq imparted by the heater contributes a phase to the
state |2, 0〉 which is twice as large. The factor of two comes from two powers of the
creation operator, 0̂†, each shifted by Δq, as in: |2, 0〉 = (48Δq0̂†)2 |0, 0〉.

At the plasmonic waveguides, the state of the environment evolves along with
the state of the plasmons:

1
√

2
(482Δq |2, 0〉 + |0, 2〉) ⊗ |�8〉

plasmons
−−−−−−→ 1

√
2
(482Δq |2, 0〉 ⊗ |�2,0〉 + |0, 2〉 ⊗ |�0,2〉).

(2.28)

Here, |�0,2〉 is the state of the environment that would result from both plasmons
traversing the first waveguide, and |�2,0〉 is the corresponding state for the other
case. These two states are equal if the plasmons do not interact at all with their envi-
ronment, but they would be different in the case that the plasmons elastically scatter
from electrons or phonons, as described earlier. Note also that we have ignored
components of the resulting state that have fewer than two plasmons. Physically,
this corresponds to post-selecting for only those trials in which neither plasmon was
absorbed.

Finally, quantum interference at the second coupler produces a complicated
output state:

2nd coupler
−−−−−−−−→ 1

4

[
482Δq

(√
2 |2, 0〉 − 28 |1, 1〉 −

√
2 |0, 2〉

)
⊗ |�2,0〉

+
(
−
√

2 |2, 0〉 − 28 |1, 1〉 +
√

2 |0, 2〉
)
⊗ |�0,2〉

] (2.29)

Constructing the density operator corresponding to this state and tracing over
the degrees of freedom of the environment gives the reduced density operator of
the surface plasmons, dred , from which the probability of detecting simultaneous
counts at the outputs can be found:

%coinc = 〈1, 1|dred |1, 1〉 =
1
2

[
1 +

�� 〈�2,0 |�0,2〉
�� cos 2Δq

]
. (2.30)

In the absence of interactions between the plasmons and the environment, we
have |�2,0〉 = |�0,2〉 and, as a result, %coinc = 1

2 (1 + cos 2Δq). In contrast, if the
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surface plasmons alter the state of the metal such that
�� 〈�2,0 |�0,2〉

�� < 1, the ampli-
tude of the sinusoidal oscillation of %coinc is reduced,with the case

�� 〈�2,0 |�0,2〉
�� = 0

corresponding to total decoherence and no dependence of %coinc on Δq. As a result,
by measuring the coincidence count rate at the outputs of the waveguides as a func-
tion of the applied phase, Δq, we can probe the perseverance or decoherence of the
path-entangled plasmon state.

2.6 Experiment design and fabrication

For our SPDC source, shown schematically in figure 2.5, we use a 100 mW,
407 nm diode laser and a BiBO crystal to generate pairs of single photons at 814 nm.
Lenses on either side of the crystal focus the laser onto it and collect the divergent
down-converted light from it. A pair of identical 5 nm bandpass filters centered at
814 nm isolate the down-converted photons from background light, and collimators
collect them into polarization-maintaining fiber. When we connect these fibers to
our silicon single-photon avalanche diodes (SPADs), each roughly 50% efficient at
this wavelength, we observe approximately 26, 000 coincidence counts per second.

The waveguide-coupling apparatus, also depicted in figure 2.5, consists of
a 40× microscope objective that focuses the photons into the input side of the
chip, lensed multimode fibers to collect them from the output side of the chip,
and SPADs to detect them. We use a fiber-coupled adjustable delay line to ensure
that both photons arrive at the chip simultaneously, which we verify by observing
Hong–Ou–Mandel interference (Hong, Ou, and Mandel, 1987) as we vary the delay
setting. We observe approximately 6% transmission through a circuit with 10 `m
DLSPPWs and 3% transmission through one with 20 `m DLSPPWs.

We fabricate our interferometers on silicon chips using a combination of
lithography, wet and dry etching, and thin film deposition techniques, which are
described in more detail in (Fakonas et al., 2014). Briefly, we pattern the dielectric
waveguides in 280 nm of silicon nitride on top of a 3 `m SiO2 lower cladding layer.
Subsequent lithography, etching, deposition, and lift-off steps define recessed gold
pads for the DLSPPWs, followed by further lithography and metallization steps to
create nickel-chromium heaters and gold contact pads. Two final lithography steps
in 2.5 `m and 350 nm PMMA cover layers define spot-size converters (Shoji et al.,
2002) at the ends of the waveguides and the dielectric loads of the DSLPPWs,
respectively. The completed DLSPPWs consist of strips of PMMA 300 nm wide,
350 nm tall, and either 10 or 20 `m long on top of gold pads of the same length.
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Figure 2.5: The completed chip. (a) Optical micrograph showing dielectric waveg-
uides (thin dark lines), contact pads (large gold rectangles), DLSPPWs (small gold
rectangles), and under-etched region (large dark oval). The two dark, vertical lines in
the right half of the image separate the area covered with 350 nm of PMMA(between
these lines) from that covered with 2.5 `mof PMMA (everywhere else). The dashed
box encloses a single interferometer with 10 `mDLSPPWs, as represented schemat-
ically in figure 2.4. (b) Optical micrograph of the region where the silicon handle
has been etched out from underneath the heaters and waveguides. The two light
gray, horizontal lines connecting pairs of gold contacts are resistive NiCr heaters,
while the long, dark oval between them is the hole through which the underlying
silicon was etched. (c) Scanning electron micrograph of a 10 `m DLSPPW. (d)
Diagram showing a cross-section of the under-etched region.

Figure 2.5 shows the fabricated chip. Panel (a) depicts two complete in-
terferometers, each with a pair of contact pads (large gold rectangles) and 10
`mDLSPPWs (small gold rectangles, shown also in panel (c)). The large, dark
oval near the center of the image is an area where the silicon underneath the waveg-
uides has been etched away using XeF2 in order to thermally isolate the resistive
heaters, which can be seen more clearly in panel (b). The diagram in panel (d)
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sketches a cross-section of this part of the chip, showing the heater-waveguide sepa-
ration and the approximate extent of the undercut. With this design, we need roughly
50 times less power to achieve a given phase shift than for a similar chip without the
undercut.

The measurements themselves consist of two main steps. First, we set the
heater power to give a phase shift of approximately c/2 and record simultaneous
counts at the detectors as a function of the adjustable delay setting. The resulting
Hong–Ou–Mandel interference allows us to find the setting that corresponds to the
simultaneous arrival of both photons at the first directional coupler. Second, we
step the voltage across the heater from 0 to 3 V (roughly 0-5 mW), recording both
one- and two-particle interference in the count rates of the SPADs. Specifically,
at each step we: (1) block one of the inputs and record the count rate on each
detector; (2) unblock the input and record the coincidence count rate; and (3) block
the same input as before and record the separate count rates again to make sure they
did not change substantially. Following this procedure allows us to observe single-
particle ("classical") interference in the data with one input blocked and two-particle
interference in the coincidence data.

Our raw data for the 10 `m DLSPPWs are shown in figure 2.6(a). The top
panel shows the count rate of one of the SPADs with one input blocked (i.e. one-
particle interference), while the bottom panel shows the coincidence count rate with
neither input blocked. Both signals oscillate, and it is clear that the latter does so
at twice the frequency of the former. The oscillations are not sinusoidal, though,
indicating that the phase shift caused by the heater does not depend linearly on
the power supplied to it. We also note that the heater itself was quite stable, as
its resistance, shown in figure 2.6(b), did not change by more than about 1% over
the course of the measurement. Taking the thermo-optic coefficient of the silicon
nitride to be 2.45e–5 (Arbabi and Goddard, 2013) and neglecting the contributions
of the cladding materials, we estimate that the heaters increase the temperature of
the neighboring waveguides by about 70◦ C.

From the single-particle interference in the top panel of figure 2.6(a), we
calculate the phase shift that the heater produced at each power setting. The result
is shown in figure 2.6(c). We then use this information to plot the coincidence data
as a function of phase instead of heater power, as shown in figure 2.7(a). The data
in this plot are the same as those in the bottom panel of figure 2.6(a), but here they
are plotted as a function of the phase shift induced by the heater. The red curve
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Figure 2.6: Raw measurements on the interferometer that had 10 `m DLSP-
PWs. (a) Top: one-particle interference obtained by blocking one input of the
interferometer and recording the count rate at one of the detectors. Bottom: two-
particle interference obtained by counting coincidences with both inputs unblocked.
Error bars indicate one sample standard deviation above and below the average,
calculated from three trials. (b) Resistance of the NiCr heater plotted over its op-
erating range, showing a maximum variation of about 1%. (c) Plot of the phase
shift induced by the heater as a function of the power supplied to it, computed from
the one-particle interference data. The first maximum of the interference data was
taken to correspond to zero phase.

shows a sinusoidal fit with a period of c, confirming that the coincidence signal does
indeed oscillate as expected from equation (2.30). Figure 2.7(b) shows the result of
a similar measurement made in an interferometer with 20 `mDLSPPWs, where we
have applied the same method of analysis. The result is nearly identical to that in
panel (a), indicating that increasing the length of the DLSPPWs (and therefore the
losses suffered) did not affect the degree of path entanglement.

The visibility of interference in these measurements is defined as

+ =
�max − �min

�max + �min
= 1 − 2�min

�max + �min
, (2.31)

where �max and �min are the maximum and minimum count rates observed as the
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Figure 2.7: Measurements of two-particle interference. Results of interference
in the interferometers with 10 `m (left) and 20 `m (right) DLSPPWs showing
clear path entanglement with visibilities of 0.954 ± 0.016 and 0.948 ± 0.021,
respectively. Each data point marks the average of three measurements, while the
error bars represent one sample standard deviation above and below the average.
The red curves are sinusoidal fits.

phase varies. In the interferometer with 10 `m DLSPPWs we observe one-particle
and two-particle interference with visibilities of 0.974 ± 0.005 and 0.954 ± 0.016,
respectively. In each of these calculations, we estimate the standard deviation of the
visibility using the (measured) standard deviation of�min, taking�max to be constant
because fluctuations in �max are proportionately much smaller than fluctuations in
�min. In the circuit with 20 `m DLSPPWs,we observe visibilities of 0.972 ± 0.007
and 0.948 ± 0.021 for one- and two-particle interference, respectively.

While the longer, higher-loss waveguides did not reduce the visibility of en-
tanglement, they certainly reduced the overall transmission of light through the
interferometers. As shown in figure 2.7, increasing the length of the DLSPPWs
by 10 `m reduced the coincidence count rate by roughly a factor of five, which is
consistent with the observed drop in the single-particle signal by slightly more than
a factor of two. In previous measurements (Fakonas et al., 2014), we estimated
the 1/4 absorption length in similar waveguides to be roughly 7 `m, however,
which suggests that the difference between losses observed in the 10 `m and 20 `m
waveguides in the current experiment should have been larger. We suspect that the
coupling of light into and out of the interferometer with 20 `m DLSPPWs might
have been slightly more efficient than for the interferometer with 10 `mDLSPPWs,
partially offsetting the extra absorption loss.
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2.7 Conclusions
In conclusion, we observed path entanglement between surface plasmons with

a visibility of approximately 95%. Moreover, doubling the length of the plasmonic
waveguides did not have an effect on the visibility of entanglement. As a result, we
conclude that the plasmons in our experiment did not interact strongly enough with
the metal that sustained them— as by elastically scattering electrons or phonons, for
example — to decohere the path-entangled state. Our findings suggest that surface
plasmons propagating in the waveguides with "light-like" dispersion do not loose
coherence due to elastic interactions with other electrons, phonons and surfaces.
Similar conclusions about pure dephasing of surface plasmons propagating though
hole array in a insulator-metal-insulator structure was drawn from experiment by
(Tokpanov et al., 2019). However, in this experiment plasmon mode belonged
to a more dispersive part of the plasmon dispersion curve. Thus, despite being
extremely lossy, plasmonic structures can find applications in quantum computing
technologies. Further investigations of microscopic mechanisms for pure dephasing
of plasmons can be studied through the combination of experiment and density
functional theory simulations.

The future work in this area might focus on overcoming high loss in plasmonic
structures by loss compensation and gain. Several examples of surface plasmon
polariton amplification and gain were reviewed in (Berini and Leon, 2012) at the
classical level. It is yet to be determined how these techniques and be realised in
quantum regime. Solving the problem of high plasmonic absorption would advance
the development of integrated quantum photonics based on hybrid plasmonic and
nanophotonic structures that take advantage of strong confinement of light. The
fabrication techniques developed in this work might assist in integration of various
quantum computing components on a single silicon based platform for linear optical
computing.
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C h a p t e r 3

DNA ORIGAMI COUPLED TO MOLECULAR EMITTERS

DNA origami is a modular platform for the combination of molecular and colloidal
components to create optical, electronic, and biological devices. Integration of
such nanoscale devices with microfabricated connectors and circuits is challenging:
large numbers of freely diffusing devices must be fixed at desired locations with
desired alignment. We present a DNA origami molecule whose energy landscape
on lithographic binding sites has a unique maximum. This property enables device
alignment within 3.2◦ on SiO2. Orientation is absolute (all degrees of freedom
are specified) and arbitrary (every molecule’s orientation is independently speci-
fied). The use of orientation to optimize device performance is shown by aligning
fluorescent emission dipoles within microfabricated optical cavities. Large-scale
integration is demonstrated via an array of 3,456 DNA origami with 12 distinct
orientations, which indicates the polarization of the excitation light.

3.1 Method of deterministic DNA origami placement with arbitrary orienta-
tion

A large portion of the chapter I was dedicated to the discussion of scalable
approaches to integration of hybrid components with widespread semiconductor
manufacturing process. The method of directed DNA origami self-assembly stands
out due to its versatility, reproducibility on a large scale and 5-nm precision. So far,
we have discussed the absolute orientation of the DNA origami shape relative to the
substrate and the freedom in choice of the orientation. Now, we will demonstrate
how the design of the DNA origami shape and the design of the shape of its binding
site can solve these challenges.

DNA origami placement match between the overall shape of an origami and
lithographically patterned binding sites is used both to position the origami in
x and y, and to control its in-plane rotation angle \. The advantage of DNA
origami placement over other methods of directed self-assembly is that thousands
of origami can be oriented with high yield and fidelity: ∼ 95% of sites have single
origami aligned within ±10◦ of a desired angle \. However, certain shapes of
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DNA origami used in the previous works, like equilateral triangles, do not achieve
absolute orientation and its use is limited to devices with compatible symmetry, e.g.
point-like, threefold, or sixfold. DNA origami placement for equilateral triangles is
depicted in the figure 3.2A.

Figure 3.1: Schematics and AFM for the death star origami. (A) Dimensions of
the death star origami. (B) Dimensions of the e-beam patterned binding site used for
DNA origami placement of the death star origami. (C) AFMof death star origami on
an unpatterned SiO2 surface. The staples of the death star origami are all modified
with 20T extensions, but the symmetry of the death star prevents a determination of
whether they are landing right-side up (with 20Ts up) or upside down. (D) AFM of
a modification of the death star designed to help verify that death stars bind SiO2
right-side up. Inset shows a region of staples (red) which were omitted to break the
D1 symmetry of the small moons. The resulting C1 shape allows discrimination
based on which edge of the origami looks ragged or broken. Green shading indicates
origami which were judged to be right-side up. Of 642 origami inspected, 95.6%
(614) were found to be right-side up; 4.4% were found to be upside-down or their
orientation could not be determined.

To solve this problem we have designed an origami with "moon-like" asym-
metric shape that we called "death star". Geometrical parameters and atomic force
microscope image are presented in the figure 3.1A and 3.1C, respectively. Figure
3.2B shows death star origami organizing with two indistinguishable orientations:
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Figure 3.2: DNA origami placement of shapes within different symmetry
groups. A. DNA origami placement of equilateral triangles does not allow aligning
all origami in a certain direction. There are 3 possible orientations with right-side
up and 3 orientation with right-side down. B. Asymmetric "moon-like" origami
shapes can self-assemble with only two possible absolute orientations: right-side
up and upside-down.

Figure 3.3: DNA origami placement of death star origami.

right-side up and upside-down. However, we proved that it is possible to break the
symmetry by modifying DNA origami with 20T extensions on one side. Our idea



32

Figure 3.4: DNA origami placement of death star origami. Averaged AFM
(N=600) of DNA origami placement on arrays of A: small moon sites, B: disk-
shaped sites.

was to make one side of the origami non-sticky and hence bias binding, through
the addition of single-stranded (ssDNA) 20T extensions to the 5’ ends of staples.
To distinguish orientation with right-side up, we modified the shape of death star
by "cutting off" one side of the circle. Practically, this modification was done by
removing staples on the left side of the origami. AFM images of modified death
stars presented in figure 3.1 and orientations with right-side up are colored in green.
Of 642 origami inspected, 95.6% (614) were found to be right-side up; 4.4% were
found to be upside-down or their orientation could not be determined.

Here we show how absolute orientation can be achieved by DNA origami
placement with death star DNA origami shapes, and demonstrate two applications
in which absolute and arbitrary orientation work together to optimize or integrate
optical devices.

DNA origami placement can been performed on any planar substrate (e.g.
SiO2, quartz, silicon nitride [SiN], gallium phosphate [GaP] and diamond-like
carbon) whose surface can be differentiated into negatively charged binding sites
(blue colored in the figure 3.3) which bind negatively charged DNA origami strongly
in the presence of bridgingMg2+ ions, and a neutral backgroundwhich binds origami
weakly (gray colored in the figure 3.3). In our experiments e-beam patterned binding
sites are made negative via silanols which are ionized at the pH (8.3) of the origami
binding buffer and the neutral background is a trimethylsilyl monolayer, generated
via silanization (see figure 3.3). DNA origami placement is a complex adsorption
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Figure 3.5: Annotated AFM of small moon origami placed on square array of
105 nm diameter disk-shaped binding site. Scale bar, 2 `m. Red circles indicate
single origami binding events (at 83% of 600 sites) which were cut out automatically
and averaged to yield annular image in figure 3.4B.

process which involves both 3D diffusion to the surface, and 2D diffusion of weakly
bound origami on the background. To achieve absolute orientation of death star
origami we have designed a binding site with a shape similar to the death star
origami shape. We call this shape "small moon" and it is depicted in the figure 3.1B.

DNA origami placement of death star origami with ssDNA extensions to break
up-down symmetry was performed on both disk-shaped control sites (figures 3.4B
and 3.5) and small moon sites (figures 3.4A and 3.6). The average of 498 AFM
images of control sites with single origami (83% of 600 total sites) gave an annular
shape indicating random orientation; the average of 592 images on small moon
sites (98.7% of 600 total sites) reconstruct the death star shape, confirming unique
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Figure 3.6: Annotated AFM of death star origami placed on a square array of
small moon binding sites. Scale bar, 2µm. Blue ovals indicate which sites were
not analyzed. The remaining 592 sites (98.7% of 600 total sites; only 529 sites are
shown) were cut out and averaged to yield the reconstruction of the death star in
figure 3.4A. Orientation of each death star was automatically extracted and theywere
found to be oriented to 0◦±6.7 degrees. We suggests that the discrepancy between
this orientational fidelity, and that measured optically (±3.2◦) can be explained by
a poorer ability to measure the orientation of small moons from AFM data, which
are noisy and have apparent salt artifacts (see white dots on origami).

alignment. By fitting the death star shape to AFM of death star origami on small
moon sites, we found that alignment varied by ±6.7◦ (±1 SD). This variability
includes both real variability due to fabrication error or imperfect assembly, and
spurious variability due to the fitting of a model shape to poorly resolved origami;
the latter error is difficult to estimate.

To get a better estimate of alignment precision, we imaged death star DNA
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Figure 3.7: Death star intercalation by TOTO-3 fluorescent molecule. Rotation
of the fluorescent dye TOTO-3’s absorption dipole along the length of a TOTO-
3 intercalated helix. Coordinate system shows relationships between helix axes,
excitation polarization (V) and origami rotation (\).

Figure 3.8: Fluorescence microscopy of TOTO-3 intercalated into DOP arrays
on disk-shaped and shape-matched sites (ex. 642 nm; em. 660 nm). Fluo-
rescence microscopy of TOTO-3 intercalated into DOP arrays on disk-shaped and
shape-matched sites (ex. 642 nm; em. 660 nm). A and C Intensity (red dots) of
N=600 sites in B and D as a function of excitation polarization. Blue line, best fit.
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Figure 3.9: Schematic and raw fluorescence data for death star origami placed
on a 1 `m period square array 105 nm diameter disk-shaped binding sites. A:
Schematic indicates that death star origami will bind with random orientations and
the excitation dipoles of intercalated TOTO-3 fluorophores will be uncontrolled. B:
36 images show the rotation of excitation light polarization (green) relative to the
array axis (blue) in 10◦ increments. Variations in the intensity of death star origami
are uncorrelated.

origami intercalated post-placement with the fluorescent dye TOTO-3 (figure 3.7).
For 600-site arrays of small moons on disk-shaped control and shape-matched sites,
we measured emission intensity for excitation polarization V in 10◦ steps (sampling
each V twice by rotating the stage from 0◦ to 350◦) and fit the emission to derive
distributions for the origami orientation \. The reported angle between themolecular
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Figure 3.10: Schematic and raw fluorescence data for death star origami placed
on a 1 `m period square array of small moon binding sites. A: Schematic
indicates that death star origami will align to the binding sites and in turn align
the excitation dipoles of intercalated TOTO-3 fluorophores. B: 36 images show the
rotation of excitation light polarization (green) relative to the array axis (blue) in 10◦
increments. Variations in the intensity of death star origami are highly correlated,
and small moons are brightest when the polarization axis lines up with the array
axis.

absorption dipole of TOTO-3 analogs and the DNA helix axis (q) ranges from 61◦

to 90◦ (Spielmann, Wemmer, and Jacobsen, 1995), (Schins et al., 1999), but the
exact angle is unimportant for measuring variability: it is close enough to 90◦ that
averaging over multiple dyes (intercalated at varying rotations due to twist) results in
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Figure 3.11: Analysis of orientation based on fluorescence data. A:A subsection
of data presented in figure 3.9, TOTO-3 labelled death stars bound to disk-shape
binding sites. Ten particular binding sites are highlighted with differently colored
circles. B: Traces of fluorescence intensity from ten binding sites highlighted in A,
as a function of the orientation of excitation polarization V. All of the k = 1 to 600
individual traces can be fit to �0 cos2(V − \) + 2. C: Histogram of \: aggregated
into 10◦ bins shows that the \: are randomly distributed and that death stars exhibit
no preferential orientation on disk-shaped sites. The flat histogram further suggests
that the excitation polarization is that intended, and that the experimental setup
introduces no undesired anisotropy. D: Histogram of \: aggregated into 1◦ bins for
data from figure 3.10, the binding of small moons to shape-matched binding sites.
\: cluster around 0◦ with a standard deviation of 3.2◦.

a strongly anisotropic net dipole strength in the plane of the origami. Consequently,
emission peaks for V perpendicular to the helix axes (Persson et al., 2009), coincident
with \.

The strength of a molecular dipole ®̀ excited by an electric field ®� along the
direction of unit vector 4̂ = ®�

| ®� |
, is:

%( ®�) = | ®̀ · 4̂ |2 = | ®̀|2 cos2(V − \),

where V is the polarization of ®� , and \ the in-plane dipole angle. According to the
dipole approximation (Sick, Hecht, and Novotny, 2000), (Ha et al., 1999), emission
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Figure 3.12: Design and raw data for the polarimeter. A: Design shows the
orientation of small moon origami in each of the 12 rays of the polarimeter. DNA
helices are perpendicular to the ray and so the excitation dipole of intercalated
TOTO-3 is aligned parallel to the ray. B: 36 images of the polarimeter under
polarized illumination; green arrows indicate axis of polarization.

is proportional to absorption, which is proportional to | ®� |2%( ®�). Thus experimental
intensity can be fit to:

� (V) = �0 cos2(V − \) + 2,

where �0 is the maximum emission, and 2 is the background (camera noise, reflec-
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tion). Emission from a collection of = molecular dipoles ®̀: bound to an origami is
proportional to | ®� |2%net, where the net dipole strength is given by

%net( ®�) =
=∑
:=1

%: = | ®̀: · 4̂ |2.

Thus the experimental intensity of = molecular dipoles with an anisotropic
net in-plane dipole strength can be fit to the cos2 expression above: if ®�: and \
are defined to lie along the direction of maximum net dipole strength, then �0 is
proportional to the difference:

%net( ®�‖) − %net( ®�⊥)

and 2 is the background plus a contribution proportional to %net( ®�⊥), from the
direction of smallest net dipole strength.

Emission from control sites (figures 3.8B, 3.11) individually fit this expression
but individual \ were uniformly distributed (figure 3.11C), both confirming random
origami orientation and ruling out polarization anisotropy in our setup. As expected,
aggregate data could not be fit. In contrast, aggregate data for shape-matched sites
(3.8D) fit \ = 0◦ and fits to individual sites (figure 3.11D) vary by ±3.2◦, our best
estimate of alignment precision.

Despite the limitations of intercalating dyes, figure 3.12 shows that arbitrary
orientation can integrate 3,456TOTO-3 labelled smallmoonswith 12 different \ into
a microscopic fluorescent polarimeter, a 100 `m device which glows most strongly
along the polarization axis of incident light. The goal of microscopic polarimeters
constructed on-chip instruments is to replace multiple bulky and expensive optical
components and to make insitu measurements possible, within devices or transmis-
sion lines. Since our polarimeter reports polarization directly, it could be fabricated
on microscope slides and used in situ to aid polarized fluorescence microscopy.
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3.2 DNA origami functionalization with Eu ions
In the first chapter we have discussed a number of experiments that involved

positioning of single-photon emitters with nm precision within optical cavities. In
themajority of thoseworks, single organic dyemoleculeswere used as single-photon
emitter of choice. Organic dye molecules such as Cy5 or ATTO are bright emitters
and can be easily attached to DNA single strand and incorporated into the surface
of DNA origami. However, due to the bleaching of organic dyes and very high
dephasing rates they have limited number of applications for quantum computing.
With this in mind, we have turned our efforts to alternative molecular emitters such
as chelated lanthanide ion compounds. Chelated complexes increase absorption rate
of metallic ions and thus fluorescent rate is higher especially for 3+ oxidation state.

Figure 3.13: Mechanism of fluorescent emission from europium compound. A:
Chemical formula of europium chelate complex labelled by single-stranded DNA.
B: Chelated europium ion is attached to sensitizer molecule that absorbs light at
wide range of UV wavelengths. This energy is transferred to Eu ion which later
emits fluorescent light at 616nm.

Here we use a fluorescent europium ion labelling reagent from TCI chemicals
that was modified and attached to ssDNA. The maximum of emission for this com-
pound as specified by the company is 334 nm and fluorescence emission peak is at
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616 nm with lifetime of 1.2 ms. These europium ion complexes have large absorp-
tion cross-section in UV due to a sensitizer molecule then excitation is transferred
to chelated europium ion through electric transfer 3.13B.

Figure 3.14: DNA origami labelled by Eu ions. A: Eu ion chelated complexes
were labelled by 20A DNA strands and attached to death star origami with 20T
extensions via different procedures. B: Measured spectra of Eu ions immobilized
on the SiO2 substrate via DNA origami covalent bonding to the surface at room
temperature. C: AFM image of death star origami labelled by Eu ions.

Due to extremely long fluorescence lifetime of excited chelated Eu ions, de-
tection of a single photon emitted by europium is very challenging. We wanted to
realize two strategies for increasing emission: enhancement of emission by precision
placement inside an optical cavity and coherent coupling of several emitters located
within the volume _3, where _ is the wavelength of emission (Dicke’s superradiance,
(Dicke, 1954)). The former approach will be discussed in the next chapter and the
later - in this section. As was mentioned in the introductory sections, DNA origami
can serve as a breadboard for various molecular components, each one separated by
3-6 nm from each other. Death star origami in particular could be functionalized
with up to 235 20T ssDNA extensions that can bind to Eu ions labelled to 20A. This
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enables to incorporate 232 Eu ions individually separated by 3-6 nm within surface
area of 1002 nm2. Provided coherent interaction between emitters, this geometrical
distribution satisfies condition for Dicke’s superradiance.

Figure 3.14A presents a schematics of coupling Eu ions labelled to a single
20A ssDNA to death star origami with several 20T extension. Eu ions were added
to DNA origami staples mixture and a scaffold before annealing of DNA origami.
Afterwards, DNA origami were filtered through 100 kDa Amicon spin filter and
immobilized on an oxygen plasma treated SiO2 surface using a standard DNA
origami placement protocol (see Appendix A). The room-temperature emission
spectra under 375nm pulsed laser excitation reveal a double peak at approximately
620nmwhich is expected from the specifications given by commercial company that
synthesized the compound 3.14B.However, the number of Eu ions in this experiment
is random and defined by the number of DNA origami in the area illuminated by the
excitation laser.

Figure 3.15: Samples for DNA origami arrays. A: Image of a sample with gold
grid lines and labelled squares under white light illumination in a microscope. B:
A single 3 by 3 array of disk-shaped DNA origami binding sites fabricated inside a
gold frame of a labelled square. C: Death star DNA origami modified with 235 20T
ssDNA extensions.

To have a precise count on Eu ions located in a defined area on the substrate, we
prepared samples with lithographically defined binding sites for death star origami.
Figure 3.15A shows grid lines fabricated using metal lift-off process and labelled
squares with 3 `m size which are visible and easily identifiable by a camera used to
assist in AFM imaging. Each square, as depicted in the figure 3.15B, has an array
of disk-shaped binding sites for death star origami. Such design of the samples
enables to image an array of DNA origami inside a certain square using AFM tip
and then take optical measurements from the same squares, since all the squares on
the sample are labelled with a unique number.
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Figure 3.16: DNA origami placement of death stars labelled by Eu ions. A: An
AFM image of a 9 by 9 array of unmodified death star. B: An AFM images of a 5
by 5 array of unmodified death star. C: An AFM image of a 9 by 9 array of death
star origami modified with 235 20T extensions and linked to Eu ions. D: An AFM
image of a 5 by 5 array of death star origami modified with 235 20T extensions and
linked to Eu ions. E-F: Epifluorescence image of a grid with arrays of death star
origami labelled with Eu ions under UV excitation light with emission filtered at
620 nm. E: 9 by 9 array of death star origami modified with 235 20T extensions
and linked to Eu ions. F: 5 by 5 array of death star origami modified with 235 20T
extensions and linked to Eu ions.

The results of the first set of placement experimentswithDNAorigami labelled
with 235 Eu ions are presented in figure 3.16C-F. For the reference a similar sample
for prepared via DNA origami directed self-assembly with unlabelled death star
origami is shown in the figure 3.16A-B. If you compare AFM images of two arrays
with the same density of origami in the figure 3.16 A against C and B against
D, you can notice significant reduction in the quality of placement (percentage of
sites occupied by exactly one origami and the number of origami attached to the
background). Indeed, this is reflected on the optical measurement of fluorescence
from DNA origami arrays labelled by Eu ions (figure 3.16E-F). The fluorescent
emission from Eu was collected by 100x microscope objective after being filtered
out from the UV excitation light by a bandpass filter. You can clearly observe
more light coming out from inside the 9 by 9 arrays of origami (figure 3.16E).
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However, emission from 5 by 5 arrays (figure 3.16F) is largely overwhelmed by the
background emission coming from non-specifically bound origami even for long
acquisition times.

Figure 3.17: Death star DNA origami with 235 20T extensions. A: Post stained
electrophoresis gel imaged in the channel of SYBR gold fluorescence. B: Prior to
staining electrophoresis gel imaged by cell phone camera. C: AFM image of sample
with 5 times higher concentration of Eu labelled ssDNA. D: AFM image of sample
with lower concentration of Eu labelled ssDNA.

To find out what happens to death star origami modified with 20T extensions
when Eu ions linked to 20A are introduced into the solution phase, we ran gel
electrophoresis for two samples with different stoichiometry between DNA origami
scaffolds and 20A linkers labelled with Eu ions. Figure 3.17A presents a gel post-
stained with SYBR gold intercalating dye with the left lane occupied by a sample
with five times as many Eu labelled linkers as the sample in the right lane. The ratio
between available 20T extensions and Eu 20A linker was 1:10 for the left sample
and 1:2 for the right sample. These extra 20 A linkers in the sample "5x" are not
incorporated into the DNA origami, which is reflected by the lowest band in the
figures 3.17A and 3.17B which is formed by "light" ssDNA staples and linkers that
are in excess to DNA origami that can travel longer in a gel. The second from the
bottom band corresponds to a single DNA origami and the third from the bottom
band corresponds to DNA origami dimers, which are identified by imaging the
sample in the AFM. In the SYBR gold channel samples "5x" and "x" do not have
significant differences, however the difference becomes apparent if we look at the
unstained gel under UV excitation which is able to excite Eu ion complexes (figure
3.17B). The right band is less bright than the left band which tell us that not all the
available extensions are linked to Eu ion 20A label. Furthermore, the samples with



46

Eu labelled DNA origami were immobilized on the SiO2 substrate and dried using
consecutive submerging into ethanol solutions with decreasing ratios of ethanol.
The AFM image depicted in the figure 3.17C revealed an unexpected result: more
than the half of origami had a different shape. They looked like death stars folded
in half along the seam running through the middle of the origami shape. We have
called this shape transformation "taco" due to resemblance to the famous Mexican
street food. We think that this happens when 20A linkers bind to 20T extensions
from different parts of origami, bringing 2 opposite ends of the origami surface
together and folding origami. Since they bind only partially, for example, 10T from
one side of origami to 20A linker and to 10T from the other side of the same origami,
this shape in not stable in solution and can be flattened by strongly charged surface
such as gold and mica. We also speculate that these folded shapes of DNA origami
are unstable and cause aggregation over prolonged periods of time. AFM image
from the second sample with lower concentration of 20A linkers appears to have
significantly fewer tacos (3.17D). However, this sample has equal amounts of DNA
origami dimers(second origami band in the gel in the figure 3.17A). Dimers can be
distinguished in the AFM images by having double the height as a single origami,
thus, they look like brighter death stars. For all the above mentioned reasons, we
get significant nonspecific binding to background for DNA origami with 235 20T
extensions and for origami with 235 Eu ions.

Figure 3.18: Death star DNA origami with 20T extensions. A: Death star DNA
origami with 235 20T extensions. Every staple that forms death star origami shape
wasmodified by adding 20T to its sequence. B: Death star DNAorigamiwith 42 20T
extensions formed by 14 clusters of 3 20T extensions located at the circumference
of the disk.
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Figure 3.19: Death star DNA origami with 42 20T extensions. A: An AFM image
of a 5 by 5 array of death star origami modified by 42 20T extensions and linked to
Eu ions. B: An AFM image of a 9 by 9 array of death star origami modified with
42 20T extensions and linked to Eu ions. C: Epifluorescence image of a grid with 9
by 9 arrays of death star origami labelled with 42 Eu ions under UV excitation light
with emission filtered at 620 nm.

By changing the number of 20T extensions on a single death star as displayed
in the figure 3.18 we have identified a maximum number of Eu ions per origami that
gives us consistent placement results. AFM images of placed DNA origami arrays in
figures 3.19A and 3.19B are similar to arrays achieved with "bare" death star origami
without any extensions. Figure 3.19C obtained from epifluorescence microscope
shows emission these from 9 by 9 Eu labelled origami arrays from inside the 3 `m
squares with significantly reduced background compared to origami labelled with
235 Eu ions in figure 3.16E. For DNA origami labelled with even smaller numbers
of Eu ions (15 and 3), we observed similar results for DNA origami placement on
substrates, both on quarts slides and on silicon chips.
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3.3 Interaction of single-stranded extensions with substrates and each other

Figure 3.20: Death star origami placement with 232 20C extensions. A: Death
star DNA origami with 232 20C extensions and 3 5’-ACTACTACTACTACTACT-3’
strands in the middle of the origami. B: AFM of death star DNA origami with 232
20C extensions immobilized on silanized surface of SiO2. C: AFM of a part of a 9
by 9 array of death star origami with 20C extensions. D: AFM of a 4 by 4 array of
the same origami with 20C extensions.

In order to improve DNA origami placement of origami functionalized with
large (>42) numbers of molecular components, we studied death star origami
with different extensions. Thymine or T is a nucleobase that is known to in-
teract more strongly with the substrate surface compared to other nucleobases
(A, C, G). Mainly for this reason we looked at placement of death star origami
with 232 20C (5’-CCCCCCCCCCCCCCCCCCCC-3’) extensions and 3 6ACT (5’-
ACTACTACTACTACTACT-3’) visualized in the figure 3.20A. Since complimen-
tary strands were not added to bridge two sides of the DNA origami together, we did
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not observe taco shapes for this modification of death stars. Figure 3.20B presents an
AFM image of death star origami with 232 20C extensions bound to silanized SiO2

surface under MgCl2 buffer. Most of the origami are well formed, not aggregated
and not folded into taco shapes. We also reproduced these placements on quartz
slides and silicon chips with thermally grown oxide. However, DNA origami place-
ment on arrays with disk-shaped binding sites showed worse performance compared
to bare death star origami without any extension strands. There is a significant
number of "extra stuff" in the figure 3.20 on top of placed DNA origami arrays.
This stuff is most likely formed by DNA origami that in solution phase were bound
weakly to trimethylsilyl passivated background and rolled onto itself during ethanol
drying process. This is the most important difference between our experiments and
most of the experiments in the community which are characterized by wet AFM
imaging. However, we think it is important to consider the problem in the context of
potential applications and nonspecific bindings to the trimethylsilyl passivated areas
contribute to the background of the dried sample. Alternative drying procedures
could help to reduce this effect but are outside of the scope of this thesis.

We also looked at the mechanism that results in the folded origami shapes
such as taco. I remind you that we first observed taco in death star origami
that was labelled with 20T extensions and 20A linkers with Eu ions at one
end (figure 3.17C). Since 20T or 5’-TTTTTTTTTTTTTTTTTTTT-3’ sequence
can be bridged by 20A strands, bringing two halves of origami together and
folding it at the seam, we looked at alternative unrepeatable sequences, such
as 5’-GTTGTAGTGGTATGAGGTTG-3’. In the figure 3.21A and 3.21C, 5’-
GTTGTAGTGGTATGAGGTTG-3’ sequence is referred as "seq" and the compli-
mentary sequence 5’-CAACCTCATACCACTACAAC-3’ is referred as "seq†". Fig-
ure 3.21B reveals another unexpected result, vast majority of death stars with 235
5’-GTTGTAGTGGTATGAGGTTG-3’ strands per origami was folded into tacos.
We do not have a complete understanding of the process and interactions of 5’-
GTTGTAGTGGTATGAGGTTG-3’with each other that cause the death star origami
to fold along its seam. It is important to note that folded shape of this origami can be
only observed by AFM in air on silicon dioxide silanized surface. The same origami
immobilized on mica surface will be flat under wet and dry AFM. The interactions
between 5’-GTTGTAGTGGTATGAGGTTG-3’ strands should be weaker than at-
traction to the mica surface under magnesium buffer. This would cause the origami
to open up and lay flat on the mica.
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Figure 3.21: Death star DNA origami with 235 5’-
GTTGTAGTGGTATGAGGTTG-3’ extensions. A: Death star DNA origami
with 235 20T extensions. Every staple that forms death star origami shape was
modified by adding 20T to its sequence. B: Death star DNA origami with 42 20T
extensions formed by 14 clusters of 3 20T extensions located at the circumference
of the disk.

Another interesting observation came from experiment with origami that was
functionalized with linker sequence 5’-CAACCTCATACCACTACAAC-3’, which
is complimentary to the extensions 5’-GTTGTAGTGGTATGAGGTTG-3’ (figure
3.21D). This origami was flat and unfolded after ethanol drying. The addition
of complimentary sequence prevented the strands from binding to each other and
forming taco shapes. This confirmed our expectations: (1) interactions between
single-stranded extensions and linkers can bind two halves of the DNA origami
together and fold it along the seam, (2) choosing the sequence of the extensions such
that the complimentary linker-strands bind to the extensions in 3’ to 5’ direction but
not in 5’ to 3’ direction will prevent formation of taco shapes.
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Figure 3.22: Death star DNA origami with variable number of 5’-
GTTGTAGTGGTATGAGGTTG-3’ extensions per origami. A: Death star DNA
origami with X% of staples modified 5’-GTTGTAGTGGTATGAGGTTG-3’ se-
quence and the rest of the staples are not modified and correspond to the "bare"
death star origami. B-F: AFM images of death star DNA origami immobilized on
SiO2 and ethanol dried. Each AFM image has different percentage (X%) of modi-
fied staples, meaning that approximately one death star has X·235/100 extensions.
B: 0% corresponds to "bare" or unmodified death star, that usually does not form
taco. C: 25% of staples are modified with extensions. You can see that tacos start
appearing in the AFM. D: 50% of staples have extension. In the AFM scans of
large areas with sufficient numbers of origami show about half of death stars folded
into tacos. E: 75% of staples have extension and a higher percentage of origami is
folded. F: 100% almost all origami folded into tacos.

Figure 3.22 demonstrates results of another experiment that looks at how
many extensions can cause a death star origami to fold and form a taco. We have
modified the staple mix for a death star by adding a percentage of X staples from a
staple mix of death star origami modified with 5’-GTTGTAGTGGTATGAGGTTG-
3’ sequence. 5 different origami were annealed by following the standard protocol,
immobilized on SiO2 surface and ethanol dried before AFM imaging. It is expected
that on average X% of staples on a single origami would have extensions and X%
of all origami would have taco shape. Figures 3.22B - 3.22F speak towards this
assumption, as the ration of taco shapes increase as the ration of modified staples
increases.
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3.4 Conclusions
This chapter focuses on a specific DNA origami shape that is called a "death

star" throughout this thesis. The first section demonstrates how this DNA origami
shape can be placed and aligned on SiO2 surface with 3.2◦ precision and on a
large scale with 3,456 origami having 12 distinct orientations. To demonstrate
such a large-scale aligned self-assembly, we performed an optical measurement
by intercalating origami with TOTO-3 dye molecules and measuring fluorescence
polarization under a microscope. The main limitation of this method for single-
photon applications is that we cannot control the number of intercalated emitters
such as TOTO3, thus we cannot isolate and orient a single molecular emitter. In
the second section, we explored a more robust emitter that can be attached to a
single DNA strand. We studied death star origami shapes modified to carry chelated
europium ion complexes and discovered the tendency of DNA origami to change its
shape or bind to the surfaces depending on the number of extensions attached to the
origami. The most significant discovery of this section is that the weak interactions
between DNA origami extensions and trimethylsilyl passivated background can
cause the weakly bound origami to shrink during ethanol drying step and leave
residue. We have identified that placement is achievable for small numbers of Eu
ion labels (< 42) and demonstrated DNA origami placement into 9 by 9 arrays on
quartz slides inside lithographically patterned squares by atomic force microscopy
and epifluorescence measurements. Finally, we looked at different DNA origami
extensions and their role in the process of death star folding into taco shapes.
We discovered that 5’-GTTGTAGTGGTATGAGGTTG-3’ strands will interact with
each other and cause the death star origami to fold along its seam forming a taco
shape. However, death star folding can be avoided by adding a complimentary
strand 5’-CAACCTCATACCACTACAAC-3’ that will "neutralize" the extensions
and restore the flat shape of the death star even after drying procedure.

This work identified limitations for deterministic single-emitter placement
via DNA origami shape called "death star". Future experiments should involve a
different shape of origami without flexible seams. Since method of absolute orien-
tation of a single-molecule immobilized by DNA origami is yet to be demonstrated,
we suggest using symmetrical shapes such as equilateral triangles. We observed
that reducing the surface area of silanized binding sites by leaving small patch of
trimethylsilyl monolayer inside the shape of the binding sites can reduce multi-
ple binding of the DNA origami to the same binding site. However, it is yet to
be determined how a DNA origami shape affects the accuracy of the single DNA
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origami coupling to the binding site. For deterministic placement of a single emit-
ter, we recommend keeping the number of extensions on the DNA origami to the
minimum. In this work we demonstrated how different extensions on the DNA
origami can cause non-specific binding to the neutral background which can result
in photoluminescence noise from DNA origami attached to the background. Thus,
future directions of research might include designing 3D shapes of DNA origami of
different sizes that are rigid and do not form dimers or aggregates when modified
with large number of extensions. One could also explore the specific sequences
of these single-stranded extensions and the effect of their inter- and intramolecu-
lar interactions on the overall origami shape and on covalent binding strength to
the silanized surface of the binding site and to the trimethylsilyl monolayer on the
background.
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C h a p t e r 4

DNA ORIGAMI AS A PLATFORM FOR NANOPARTICLE
ASSEMBLY

A solid-state based quantum optical network promises compact footprint and a
path for scalable integration, as compared to their macroscopic cavity quantum
electrodynamics counterparts. However, in comparison to atomic quantum emitters,
molecular compounds and solid-state emitters exhibit dephasing and inhomogeneous
broadening. At cryogenic temperatures, the dephasing time for some emitters T∗2
can be comparable to its total decay time T1. Confinement of light can increase the
local density of states (LDOS) at the position of the emitter, which will decrease
the total decay time T1, while keeping the dephasing time T∗2 the same. In this
chapter, we explore approaches to incorporate emitters such as colloidal QDs and
organic dye molecules within media with high LDOS. We demonstrate that we
can deterministically position QDs on top of a microring resonator and place dye
molecules next to plasmonic nanoparticles.

4.1 DNA origami functionalization with QDs

In this section we describe different methods that we explored to achieve DNA
origami functionalization with a certain number of QDs. Labelling of a QD with
DNA strands is a very challenging task from chemical point of view. We attempted
getting reagents from commercial companies and research institutions but were
not able to find a workable solution. First of all, we tried coupling QDs to 20A
ssDNA via streptavidin to biotin binding. We ordered streptavidin coated QDs from
Thermo Fisher and 5’-AAAAAAAAAAAAAAAAAAAA-biotin-3’ strand with a
biotin molecule at the 3’ end from IDT. To coat QD with 20A strands, we incubated
1 `L of 1 `M QD solution with 2 `L of 1 `M of 20A strands in water together
overnight at room temperature. The process is illustrated in the figure 4.1C.We used
death star DNA origami to immobilize these QDs on a surface. Two modifications
of death stars were used: one was modified with 42 20T extensions and the second
had only 3 20A extensions in the middle of the origami as depicted in the figures
4.1A and 4.1B. The staples of DNA origami had 20T strand added at the 5’ end and
20A strands had QDs at the 3’ ends. Thus, QDs were sticking out for about 10 nm
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from the surface of the origami. To localize QDs to the smaller area on the origami,
we used a tripod configuration: every binding site for a QD was comprised of three
20T extending strands.

Figure 4.1: DNAorigami functionalizationwithQDs. A:Death star DNAorigami
labelled with 42 20T strands arranged in groups of three. B: Death star DNA origami
labelled with 3 20T strands. These three strands extend from the neighboring staples
and are designed to hold a single QD in the middle like a tripod. C: To functionalize
QD by 20A DNA strands, we incubate streptavidin coated QDs with 20A ssDNA
with biotin at 3’ end.

The quantitative characterization of this synthesis was performed by immo-
bilization of functionalized DNA origami on silanized SiO2 surface. This process
was done in two steps. First, DNA origami were immobilized on SiO2 by using a
standard DNA origami placement method described in Appendix, but the samples
were not dried. Second, 20 `L of 1 nM QD solution were added to the washed
samples with 20 `L of 40 mM MgCl2 Tween buffer on them. The samples were
incubated with QDs for at least 2 hours in humidified chamber made with a petri
dish a wet Kimtech wipe. Afterwards, the samples were washed again 10 times with
Tween buffer and ethanol dried. The AFM image in the figure 4.2 shows two sam-
ples imaged in air. The sample with 14 binding sites for QDs comprised of 42 20T



56

extensions (figures 4.1A and 4.2A) on average had 6QDs per origami and the sample
with 1 binding site per origami (figures 4.1B and 4.2B) had about half of origami
with a single QD and half without any QDs. We made several conclusions from this
experiment. First of all, it is not possible to couple more than 7 streptavidin coated
QDs to a single DNA origami due to the large hydrodynamic radius that prevents
QDs from coming close to each other. Second, as expected from the design of 20T
extension that are located at the circumference of the death star, most of the QDs are
attached at the edges of the origami. There is a visible spacial separation between
most of the QDs and origami, which corresponds to the physical dimensions of the
double stranded DNA linker. The third conclusion is coming from the figure 4.2B
and the fact that only half origami is coupled to a QDs. This could point to the fact
that the half of the origami that does not have a QD could be facing the surface of
SiO2 with 20T extensions underneath the origami. That would prevent QDs from
binding to the middle of the death star origami. On the other side, samples with 6
QDs in the figure 4.2A have 20T extensions exposed to the side of the origami even
when they are facing down.

Figure 4.2: AFM images of death star origami functionalized with QDs A: Each
origami was designed to capture 14 QDs, however, the average number of QDs
per origami is 6 due to large hydrodynamic radius of QDs. B: Each origami was
modified to carry only one QD, but the average number of QDs per origami is 0.5
with some origami having zero QDs. This can be explained by half of the death stars
attaching face down to the surface and blocking the 20T extensions from binding to
a QD.
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To provide an additional proof of our ability to specifically bind QDs to
nanostructures by using the method of DNA origami placement, we positioned QDs
on top of microrings and performed optical measurements. The DNA origami
binding sites were first defined by electron-beam lithography and arranged in the
shape of a 4 `m circle. Afterwards, the placement sites were activated by burning
through trimethylsilyl passivation layer with oxygen plasma. New layer of negative
electron-beam resist was spin-coated on top of activated DNA origami binding sites
and the sample was patterned by e-beam lithography again. The resist layer was
developed and left behind a ring of hardened polymer that defined a mask for the
structure. Using ICP plasma etching the ring was transferred through the layer of
silicon nitride as described in the flow diagram in the figure 4.3. As a last fabrication
step, remaining resist was removed exposing DNA binding sites on top of the ring.
After origami were placed, QDs were immobilized on top of origami in a process
similar to described above.

Figure 4.3: Fabrication flow diagram of a microring with DNA origami on top.

DNA origami were positioned inside binding sites on top of the ring by using
a standard protocol for DNA origami placement described in Appendix. QDs
were introduced as a step before ethanol drying of the sample similarly to the QD
immobilization procedure above. The sample was dried and scanned in the AFM
first, imaged in the optical confocal microscope, spectrally characterized and finally
taken to the SEM.

Figure 4.4 presents SEM and AFM images of fabricated rings with DNA
origami coupled to QDs on top of the rings. The dimensions of the fabricated ring
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Figure 4.4: DNAorigami placement onmicroringsA: SEM images of a microring
with 4 `m diameter. B: Zoomed-in side SEM image of the ring, which is 200nm
tall and about 300nm wide. C: AFM image of DNA origami with QDs positioned
equidistantly on top of a ring by using DNA origami directed self-assembly method.
D: Closer AFM of a segment of the ring with origami and QDs.

are noted in the figure 4.4B. Since the ring is 300 nm tall it is challenging to perform
AFM scanning with high resolution. Figure 4.4C shows an AFM image of a whole
ring with equidistant origami on top of it. In the figure 4.4D you can resolve brighter
spots that correspond to QDs bound to origami.

Fluorescence image in the figure 4.5A confirms that small features on top of
the ring in the previous figure are indeed QDs. The rings on the fluorescent image
have 4 `m diameter and emit light transmitted through 650 nm bandpass filter after
being excited by 488 nm laser light under a confocal microscope. The second part
of this figure (figure 4.5B) is a recorded spectrum from an array of rings taken
at a different fluorescence setup with a spectrometer. The sample was excited at
375nm and the peak of emission sits at 655 nm which is the emission wavelength
of QDs specified by the manufacturing company. This further proves that we can
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Figure 4.5: Photoluminescence of QDs A: Fluorescence from an array of 4 `m
rings functionalized by QDs under 488 nm excitation laser. B: Spectra of this
fluorescence shows peak at 655 nm, which corresponds to emission of QDs.

deterministically position QD on top of nanofabricated structures.

Figure 4.6: Death star origami with one binding site for a QD. A: A dearth star
is functionalized with 20C extensions to break the symmetry and insure that that
origami always attaches to the surface with the right-side up. One binding site for
a QD is in the middle consists of three ssDNA making a tripod construction for a
QD. B: AFM image of these origami immobilized on SiO2.

To improve the efficiency of coupling a single QD to a DNA origami, we
used a death star origami with all but three staples modified with 20C ssDNA.
20C extensions were added to break the symmetry and facilitate origami place-
ment with right-side up. This would keep three extensions in the middle (5’-
ACTACTACTACTACTACT-3’) of the origami facing up and always available for
QD binding. Figure 4.6A shows the location of different extensions and figure 4.6B
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presents an AFM of these origami immobilized on SiO2 surface. By introducing 1
nM solution of QDs to the sample with origami and incubating overnight, similarly
to the recipe described above, we were able to get 87% efficiency of QD coupling,
meaning 87% of all origami had only one QD. The result is presented by an AFM
of a dried sample in figure 4.7.

Figure 4.7: Single QD-origami system. Our system with highest percentage of
single QDs coupled to single origami. The AFM shows 87% of origami have only
a single QD attached to the origami.

We also studied the assembly of death star origami and QDs in solution
phase using density gradient ultracentrifugation. For this method we used the same
death stars with a single binding site for a QD and with 232 20C extensions. The
prepared out QD sample using the same method described above. The QDwere first
incubated with biotinated ssDNA complimentary to the sequence of binding sites
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Figure 4.8: Density gradient ultracentrifugation. Absorbance of different frac-
tions at 260 nm of origami sample coupled to a single QD. The first peak co
corresponds to short staples that were not coupled to QDs. The sharp peak at 28
mm is comprised of single origami that do not carry QDs. The broader peak after
that at 35 mm correspond to the origami coupled to only one QD. The peaks after
38 mm position are due to absorption of origami with more than one QD, origami
dimers and QDs that are not bound to origami.

(5’-AGTAGTAGTAGTAGTAGT-3’) overnight. Origami were annealed separately
and purified using 100 KDa Amicon spin filter. Prior to running the gradient
purification 100 `L of 10 nM DNA origami solution in 12.5 mMMgCl2 buffer was
combined with 8 `L of 500 nM QDs functionalized with ssDNA. The reasoning
behind these numbers is that we want the same ratio 2 to 1 of QDs to origami as in
the previous experiments with assembly on the surface. The death star origami were
incubated with DNA labelled QDs overnight. In the morning they were purified
by density gradient ultracentrifugation at 50,000 rpm in sucrose gradient at 4◦ for
2 hours. Automatic fractionator was used to obtain the absorbance at 260 nm for
each fraction of the sample. Since both DNA and QDs absorb light at 260 nm they
show up as peaks in absorbance plot. The sharp peak at 28 mm in the figure 4.8
corresponds to the single DNA origami species without QD attached to them. The
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desired system with only one QD per origami is located at 35 mm and also forms a
well-defined peak. The other broad features in absorbance plot correspond to more
complicated assemblies with several QDs per origami, origami dimers with QDs
and QDs that did not bind to any origami travelled the longest distance and were
pushed to the bottom of the vial with sucrose gradient.

Figure 4.9: Gel electrophoresis and AFM of individual fractions collected after
ultracentrifugation. A: AFM image of the sample in the well number 12, which
corresponds to a fraction with a single origami. B: Sample with one QD per origami
as shows in the AFM of the sample in the well 19. C: Sample in the well 22 shows
significant fluorescence in the gel scanner which is emitted by two QDs per origami.

To cross-reference these results with gel electrophoresis, we loaded collected
fractions in the wells of 1% agarose gel and ran it at 100V for 1 hour. The post-
stained with SYBR gold gel is presented in the figure 4.9. Since the density of
origami collected after the gradient purification was low, the emission from the QD
dominates the fluorescence from the SYBR gold stain. However, to identify the
species in the different wells we have imaged some of the most fluorescent samples
fromwells 12, 19 and 22 inAFM. Figure 4.9A corresponds to theAFMof the sample
in the well number 12 and confirms our suggestion that the first peak in absorbance
plot is due to absorption of single DNA origami. AFM from the well number 19
reveals that every origami has a QD and is depicted in the figure 4.9B. The following
fractions show significant fluorescence in the gel scanner andmost likely correspond
to origami bound to more than one QD and origami dimers. By performing AFM of
the sample in the well 22, we identified that it had a few DNA origami with 2 QDs
(figure 4.9C). These findings are consistent with our interpretation of absorbance
plot in figure 4.8.
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Finally, we conclude that assembly on the surface gives higher yield of sin-
gle QD to single origami placement (up to 87%). However, it is challenging to
completely eliminate nonspecific binding of QDs to background. Density gradient
ultracentrifugation is a more powerful purification method for our system compared
to conventional gel electrophoresis and gel extraction. It enables to select exclusively
origami with single QDs, but the yield of this method is lower, the purified material
comes in sucrose solution and dialysis is required to decrease sucrose concentration
for further manipulations with the sample.

4.2 Single-photon fluorescent enhancement

Solid-state emitters exhibit large dephasing times homogeneous and inho-
mogeneous line-broadening. Homogeneous broadening is induced by phononic
interactions in the host material and inhomogeneous broadening is due to defects
and irregularities in the material. Two approaches can be used to mitigate each one
of this factors. Plasmonic antennas can enlarge spontaneous emission rate making
it exceed the pure-dephasing rate. However, due to extremely confined volumes,
high precision of emitter placement is needed to achieve significant radiative rate
enhancement (Wein et al., 2018). To reduce inhomogeneous broadening, high qual-
ity factor dielectric cavities are used as spectral filters to induce indistinguishability
a posteriori (Grange et al., 2015).

A degree of indistinguishability of a quantum emitter can be expressed as a
following ratio:

� =
W

W + W∗ ,

where W = 1/)1 is the population decay rate, W∗ = 1/)∗2 is the pure-dephasing rate
and 1/)2 = 1/)1 + 1/)∗2 is the total dephasing rate.

Single-photon emitters such as color centers, QDs, or organic molecules have
pure-dephasing rates at room temperature that are typically 3 to 6 orders of mag-
nitude larger than the population rate and intrinsic indistinguishability is usually
very small making them non-viable candidates for quantum interactions. From the
expression for � above it is obvious that one can effectively increase indistinguisha-
bility by increasing Purcell factor, or WB?/W0

B?, where WB? is enhanced spontaneous
emission rate and W0

B? is spontaneous emission rate of the same emitter in vacuum,
by modifying the LDOS of a dissipative emitter (W∗ � W).

In this section of the thesis we present several systems that could be potentially
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used to increase indistinguishability of solid-state emitters. We will start with the
dielectric ring resonator that can be coupled to colloidal QDs or chelated europium
ion complexes via directed DNA origami self-assembly method. We have already
demonstrated in the previous section of this chapter that DNA origami can be
deterministically positioned on top of silicon nitridemicroring. To determine Purcell
factor and spectral response of the ring we performed three-dimensional (3D) finite
difference time domain (FDTD) simulation using FDTD Solutions from Lumerical
Solutions, Inc. https://www.lumerical.com/. The Purcell factor of an emitter in
dielectric medium is given by

� =
3

4c2
_3&

+
,

where Q is cavity quality factor and _3/+ is mode volume in cubic wavelengths.

Figure 4.10: Design of a silicon nitride ring. A: Geometry of the ring. The outer
radius is 2.2 `m and the inner radius is 1.8 `. The ring is etched into 270 nm of
silicon nitride and supported by several micrometers of silicon dioxide layer. B:
Electric-field profile of a cross-section of the ring shows that the light is confined in
the ring and a bit is leaking into the silicon dioxide substrate. C: Spectral response of
such a ring has several sharp peaks that can be matched with emission of europium
ions or QDs.

Figure 4.10A shows the materials and dimensions of the ring. We performed
simulation in Lumerical for a silicon nitride ring on silicon dioxide substrate. The
wafers were purchased from University Wafer and the specified thickness of ther-
mally grown silicon nitride layer was 270 nm. We selected the outer and the inner
radii of the ring to maximize the Q factor and to achieve spectral overlap with
europium ions and CdSe/ZnS QDs. Figure 4.10B describes a side view of the
electric-field profile in a ring with a 2.2 `m outer radius, 1.8 `m inner radius. In
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Figure 4.11: Electric field of a microring. A: Top view of the electric-field
profile of the cross-section of the ring. Whispering gallery mode manifests in the
multiple antinodes equidistant along the ring. B: Angular distribution of electric
field projected into the far field of the ring. The majority light escapes through the
side walls of the ring.

the simulation the ring was excited by a point dipole with emission peak at 640
nm. The Q factor of such a ring is 103 and its spectral response is depicted in the
figure 4.10C. The whispering gallery mode of the ring is observable from the top
view of the field mode profile in the figure 4.11A. The projected far field angular
distribution in the figure 4.11B shows that the field is only emitted from the sides
of the ring and waveguide coupler is required to effectively collect the light. When
light resonant in ring is outcoupled with a waveguide from the side of the ring, the
antinodes are not moving and such system presents a good opportunity for efficient
coupling to the emitter on the top of the ring.

We were able to fabricate the system with parameters described above and
position origami located in multiple locations corresponding to the antinodes of the
microring (figure 4.3). Thus, we suggest that future experiments could be performed
to validatewhether this system can be used to effectively increase indistinguishability
of colloidal QDs or europium ion complexes described in Chapter 3 at cryogenic
temperatures.

The second structure that we considered was a plasmonic antenna assembled
from two 50 nm gold nanocubes connected by DNA origami. The nanocube dimer
is presented in the figure 4.12 and as a substrate we used glass slide. An emitter
such as an organic dye molecule or europium ion complex is located between two
cubes at the bottom corner as in figure 4.12A-B. We conducted simulations in
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Lumerical to find optimal parameters of the structure for the highest radiative decay
rate enhancement that could be realizable with the materials that we had. The plot
of the radiative decay rate dependence on wavelength of emission is depicted in
figure 4.12C. The nanocube dimer can increase radiative decay rate by 3000 for
europium ions emitting at 620 nm with horizontal dipole moment. The field is
highly confined in the space between two nanocubes as seen from electric-field
profile of the cross-section of the structure in the figure 4.13A. The exact position
of the emitter in the structure is critical to prevent quenching into plasmonic modes,
thus chelated europium ion complexes presented in the previous chapter would be a
good candidate for enhancement. The system works effectively as antenna and the
light can be collected by conventional microscope objective with high numerical
aperture (see figure 4.13B).

Figure 4.12: Plasmonic nanocube dimer. A: Geometrical dimensions and con-
figuration of two 50 nm gold nanocubes with a horizontal dipole in between. The
two cubes are separated by 3 nm and are sitting on top. B: View from the top. C:
Radiative decay rate as a function of emission wavelength of a dipole from A and
B.

We attempted to fabricate gold nanocube dimer by placing two cubes together
by directed DNA self-assembly. Our collaborators from Prof. Seungwoo Lee’s
group in Sungkyunkwan University in South Korea provided us with 50 nm gold
nanocubes functionalized with 30T (5’-30T-3’) ssDNA. SEM of one of the cubes
is presented in the figure 4.14A. We tried to couple nanocubes with death star
DNA origami modified with 20A (5’-20A-3’) extensions (see figure 4.14B) by
using our method of surface assembly that worked successfully with colloidal QDs.
We fabricated death star origami arrays depicted by AFM in the figure 4.14C and
incubated with functionalized gold nanocubes overnight in 1x TAE 40 mM MgCl2
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buffer. However, the AFM of the ethanol dried arrays did not reveal any coupling
of the cubes to origami.

Figure 4.13: Electric-field distribution. A: View from the side. Electric field is
confined in the space between two cubes. B: Far field angular distribution of | ®� |2
demonstrates that the system outcouples the light effectively into the far field.

Figure 4.14: Fabrication of a 50nm gold dimer. A: SEM image of a gold cube.
B: Coupling schematic of a nanocube functionalized with DNA strands and a death
star origami with complimentary extensions. C: AFM showing an attempt to couple
nanocubes to a placed death star origami array. It seems that the used nanocubes do
not bind to origami on immobilized on the surface.

We conclude that our nanocube dimer could be utilized as a viable structure
for the purposes of decreasing pure dephasing of molecular emitters. We suggest
that the system should be assembled in solution on a DNA origami platform with
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a molecular emitter embedded in the same DNA origami exactly in between two
nanocubes.

Our next structure is an example of such a hybrid system assembled on a
single DNA origami. Prof. RishengWang fromMissouri University of Science and
Technology was able to synthesize a gold nanostructure comprised of 3 gold spheres
and one gold triangular plate that are held together by a sing DNA origami. The
dimensions of the structure are presented in the figure 4.15A, the gray frame around
the gold triangular plate is a 3D DNA origami that is bound to the nanoparticles
and is holding the structure together. A TEM image of the synthesized structures
and an AFM image confirm the shape and parameters of the structures (see figures
4.15B-C).

Figure 4.15: Gold nanostructure assembled via DNA origami. A: Three gold
spheres with a 30 nm diameter are attached to a triangular origami. A gold triangular
plate 20 nm thick and with a 48 nm side in located in the middle of the origami.
B: TEM image of the structures provided by Risheng Wang. C: AFM image of a
structure deposited on a glass slide scanned in air.

First, we simulated the electromagnetic field propagation emitted by a hori-
zontal electric dipole moment located on DNA origami between a sphere and a plate
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in 3D FTDT Lumerical. The dipole is pointing to the center of the triangular plate
as can be seen in figure 4.16A. Due to the large gap between the plate and the sphere
and the planar geometry of the plate the confinement of the electric field is not ex-
pected to be large. Thus, we have added a gold back reflector and a SiO2 spacer layer
between the substrate and the structure. We propose to use template stripped gold
surface and deposit 5 nm of silica by atomic layer deposition. This configuration,
as displayed in figure 4.16B, increases significantly confinement in z-direction. The
field profile of the structure at 555 nm presented in the figure 4.16C shows effective
confinement between the plate and the sphere. Based on Purcell factor values for
different wavelengths from figure 4.16D and non-radiative decay rates, we came to
conclusion that we would be able to demonstrate that such structures assembled on
a single DNA origami could be used for radiative decay rate enhancement.

Figure 4.16: Electromagnetic simulation of the nanostructure. A: The response
in the structure was recorded after being excited by a horizontal dipole pointing in
the direction of the center of the triangular plate. B: The structure is deposited on
a 5 nm SiO2 spacer layer on top of gold. C: Electric-field profile at _ = 555 nm
from 3D FTDT simulation in Lumerical software. D. Purcell factor for different
wavelengths with respect to the dipole spontaneous decay rate in vacuum.
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4.3 Optical measurements of a self-assembled nanoplasmonic system with
embedded emitters

Our collaborates embedded an ATTO-532 fluorescent dye molecule (Inte-
grated DNA Technologies) inside the triangular DNA origami support located be-
tween the plate and the sphere as in our simulation. ATTO-532 can be excited by
532 nm light and has a maximum of emission at 555nm. We deposited 10 `L of
nanostructures, suspended in 1x TAE 11.5 mMMgCl2 buffer, on silicon dioxide and
incubated for two hours. The structures were already purified by gel electrophoresis
and extracted from the gel, the approximated concentration of the structures was
several nanomolar. After incubation we washed the sample with 40 `L of fresh
buffer with Tween 5 times and ethanol dried the sample. The AFM of the sample is
shown in the figure 4.17. Only one structure had the expected configuration, but we
assume that most of the structures have origami with embedded emitters attached to
them.

Figure 4.17: AFM of the sample with 3 emitters per structure. This AFM image
shows that not all the structures remained in the initial configuration after deposition
and ethanol drying procedures. Several structures aggregated, others lost one or
more elements or deformed. However, one structure in the AFM has designed
organization of its elements.

To demonstrate that the structures have a definite number of emitters, we
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Figure 4.18: Scanning confocal microscope setup. In this experiment the samples
were excited by 532 nm CW laser for PL measurements and with 532 nm pulsed
laser for time-resolved measurements. The sampled were scanned by a fast steering
mirror and background was reduced by confocal pinhole. The PL maps and time-
resolved PL were acquired with single-photon avalanche photodiodes (SPADs) and
the spectra from the sampled was measured by a monochromator with a Peltier
cooled CCD camera.

performed optical characterization of two samples: one with 3 ATTO molecules in
symmetrical locations and one with only one ATTO emitter (see figure 4.19A-B).
Using our home built-scanning confocal microscope setup (see figure 4.18), we
acquired photoluminescence (PL) map of an area on two samples. Figure 4.19C
corresponds to a map of a sample with 3 emitters per each structure. We identified 4
bright spots on the map and fitted the intensity distributions with a Gaussian curve.
On average the FWHM of a fitted Gaussian presented in the figure 4.19E was 0.5
`m and the amplitude 5.4·104 counts. Since the spots are diffraction limited they
belong to the same structure or to an aggregate of structures, similar to one, scanned
by AFM in the figure 4.17. Our next measurement confirmed that each spot indeed
corresponds to a single hybrid nanostructure. For the second sample with a single
emitter, a PL was acquired as well. From this map presented in the figure 4.19D
we selected 3 bright spots and fitter their intensity distributions with a Gaussian
curve (see figure 4.19F). The results confirmed that we have a diffraction limited
spots with FWHM equal to 0.5 `m and the amplitude of 1.8·104 counts, which is
exactly 3 times lower that the amplitude of the previous sample. This confirms that
we can identify and isolate a single ATTO molecule within the gold nanostructure.
Unfortunately, the bleaching rate of such organic dyes was too high to perform a
second-order intensity correlation measurement, or g(2) (g) function.

An ensemble PLmeasurement fromATTOmolecules coupled to origami only
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Figure 4.19: Photoluminescence maps of the samples. A: A gold nanostructure
with 3 ATTO molecules. B: A gold nanostructure with one ATTO molecule. C:
A PL map of the sample with structures in A deposited on silicon dioxide chip. D:
A PL map of the sample with structures in B deposited on silicon dioxide chip. E:
The intensity cross-section of one of the bright spots of the PL map in C was fitted
with a Gaussian curve. The parameters of the fitting curve are: radius equals to 0.5
`m and the amplitude equals 5.4·104. F: The parameters of the fitted Gaussian for
the intensity distribution of one of the spots in D: radius equals to 0.5 `m and the
amplitude equals 1.8·104. This amplitude value in the sample A is three times large
than the corresponding value of the sample B for all the spots, which suggests that
light is emitted from a single ATTO molecule in sample B.

.

to confirm that the bleaching happens without plasmonic nanoparticles. In the figure
4.20C triangular origami is coupled only to the ATTO dye and AFM image in the
figure 4.20B shows hollow triangular origami. This sample hadmuch higher density
of emitters and we were able to measure PL from several molecules. Time-resolved
PL presented in the figure 4.20A shows linear decay in the log scale with calculated
lifetime of 4 ns. To demonstrate bleaching, we measured spectra from the same spot
on the sample for the first 30 seconds, for the second 30 seconds starting at 30s,
for the third 30 seconds starting at 1 min and for the forth 30 s started at one and a
half minute at the low laser power (5 `W). This was the lowest laser power setting
that was giving spectra with a good signal to noise ratio. The results are shown in
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the figure 4.20D, where you can see that PL decreases significantly after the first
30 s and decreases by two orders of magnitude in 2 min. This high bleaching rate
makes it challenging to perform measurements with single ATTO molecules. We
suggest using encapsulation strategies for future experiments at room temperature
and increasing brightness of emitters by adding back reflector.

Figure 4.20: Measurements of an ensemble ATTO molecules. A: PL decay rate
at log scale is a line. The lifetime of ATTOmolecules obtained from the plot is 4 ns.
B: AFM image of triangular origami with a single ATTO molecule. C: Triangular
origami with a single ATTO molecules and removed gold nanoparticles. D: PL
spectra of an ensemble of ATTO molecules coupled to DNA origami and excited
by a CW laser with 532 nm wavelength and 5 `W power. After each 30 s the PL
significantly reduces and goes to background level in 2 min.

Overall, we intend to continue single-emitter measurements with this nanos-
tructure, including measurements with a gold back reflector and a spacer layer at
cryogenic temperature. Ideally, we would redesign the structure to achieve bowtie
antenna architecture for ultrasmall resonator volume and high spontaneous decay
rate enhancement. We would also replace ATTOmolecule with chelated lanthanide
ions to have a more robust emitter with lower unmodified pure-dephasing rates.

4.4 Conclusions

In this chapter we studied several systems that can increase indistinguishabil-
ity of solid-state emitters. We demonstrated coupling of colloidal QDs to dielectric
ring resonators via DNA origami. We also showed DNA origami-enabled nanopar-
ticle assembly with 3 gold nanospheres, a triangular gold plate and am embedded
emitter. We suggested that a high-Q dielectric cavity can be utilized in combination
with inhomogeneously broadened emitters such as QDs for spectral filtering. Al-
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ternatively embedding emitters into plasmonic nanocavities with ultrasmall modal
volume enables to achieve large Purcell enhancement of spontaneous emission and
can decrease pure dephasing of dissipative emitters such as organic dyes.

DNA origami self-assembly provides a scalable bottom-up fabrication method
for deterministic coupling of single emitters and molecules to silicon chips with top-
down nanofabricated structures. Such systems could be integrated into photonic
quantum networks for generations of qubits with large photon numbers for quantum
computing applications. Another application of single-molecule coupling and Pur-
cell enhancement of emission is single-molecule detection for bioengineering and
medical diagnostics.

The future work on deterministic placement of single-emitter sources should
utilize organic compounds with lanthanide ions that are robust against photobleach-
ing and can have dephasing times in the order of microseconds. Plasmonic nanocav-
ity with ultrasmall volume could be used to enhance spontaneous emission rate of
rare-earth emitter compound for higher efficiency and lower signal to noise ratio.
DNA origami enables to position the emitter inside the tight volumes of plasmonic
nanocavities with a sub 5-nm precision. We suggest that the future efforts should
focus on assembling a bowtie antenna structure on a 3D rectangular DNA origami.
Triangular gold plates that we used in our nanostructure could be attached to a
single sheet of rectangular origami with Eu ion molecular compound positioned in
the hotspot of the bowtie. The architecture with a nanoparticle-structure on a gold
mirror with dielectric spacer layer enables to achieve even larger confinement for
dipole moments perpendicular to the plane of origami. DNA origami placement
can be performed on smooth gold surfaces with a few-nm silica layer deposited by
atomic layer deposition method. Deterministic placement and on-chip integration
of such hybrid nanophotonic sources could result in a tremendous advancement into
development of optical quantum computing.
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A p p e n d i x A

FABRICATION METHODS

A.1 Samples path-entanglement experiments
Fabrication methods for the chip that was used to perform entanglement exper-

iments in Chapter 2 are described in the thesis by James Fakonas: Fakonas, James
Spencer (2015), “Quantum Interference and Entanglement of Surface Plasmonons"
(https://resolver.caltech.edu/CaltechTHESIS:12052014-101005469).

A.2 Fabrication and simulation methods of PCC arrays
Fabrication and simulation methods of PCC arrays and description of the

experimental setups for deterministic DNA origami placement with arbitrary orien-
tation presented in the first section of Chapter 3 are described in the supplementary
material to our paper: Gopinath, Ashwin et al. (2018). “Absolute and arbitrary
orientation of single molecule shapes”. In: arXiv:1808.04544 [physics.app-ph].

A.3 Fabrication of substrates for placement
Substrates for experiments with origami functionalized with Eu ion complexes

were fabricated in Caltech’s Kavli Nanoscience Institute cleanroom. Quarts slides
from SPI Supplies (Brand Quartz Microscope Slide 1 × 1 in. × 0.5 mm) were used
as substrates for these experiments.

• In the first step of the fabrication process gold grid with labelled 3 `m squares
was fabricated by lift-off process. Two layers of PMMA electron-beam resist
were spin-coated on the substrates. Electron-beam lithography was used
to expose resist and write the grid pattern. Afterwards, the samples were
developed in 1:3 MIBK(Methyl isobutyl ketone):IPA(Isopropanol) solution
for 60 seconds.

• During the second step, 100 nm of gold was deposited on the developed
samples using electron-beam evaporation process. To lift off the gold on the
unexposed PMMA area the samples were left overnight in acetone. Next
day the samples were rinsed in acetone followed by IPA and blow dried
in nitrogen. The grid pattern was left on the substrate were PMMA was
completely developed.
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• The third step of fabrication lithographically defined binding sites for DNA
origami arrays. The sample with fabricated gold grid lines, labels and squares
was treated with oxygen plasma for 5 min and silanized with a trimethylsilyl
passivation layer by vapor deposition of HMDS (hexamethyldisilazane). A
thin (100 nm) layer of PMMA 950 A3 was spun-coat on the substrate as a
resist. Binding sites in the shape of a DNA origami are defined in the resist
with e-beam lithography and developed.

This completes the fabrication part that was taking place in the cleanroom.
After the above mentioned steps the sample was brought upstairs into the DNA
laboratory. 24 hours prior to DNA origami placement the sample was exposed to
oxygen plasma for 90 seconds. The exact time could be varied depending on the
desired size of the binding sites for DNA origami. Ideally, you would want the disk-
shaped site to be exactly the same size as death star origami. However, if the sample
is underexposed or underdeveloped during the electron-beam lithography, the last
oxygen plasma step could be prolonged for up to 2 min. This step insures that the
trimethylsilyl passivation layer is selectively removed at the binding sites and this step
is called "activation". Finally, the residual PMMA resist is removed by sonication in
Remover PG solvent at 50◦C to reveal a substrate that is composed of two chemically
distinct regions: (1) origami-shaped features covered with ionizable surface silanols
(OH−) and (2) a neutrally charged background covered with trimethylsilyl groups
that prevents DNA origami binding. This procedure enables good DNA origami
placement in Mg2+ buffer.

A.4 DNA origami preparation

• Designs. Death star origami were designed with caDNAno
(http://cadnano.org/) software. All 5’ ends of the staples are located at the
same side of the origami and extensions are always added to the same 5’ end
of the origami.

• Origami mixture. Staple mix was prepared by adding 1 `L of each strand
with 100 `M concentration (Integrated DNA Technologies). The scaffold
that was used for death star origami is single-stranded M13mp18 (Tilibit) at
100 nM concentration in water. We found that staple to scaffold ratios that
worked for us are any between 2.5 to 1 and 10 to 1, respectively. The target
concentration for DNA origami usually was 20 nM and the origami were
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annealed in 1x TAE (prepared from 50x TAE from Bio-Rad) buffer and 12.5
mM MgCl2. Staples mixes and scaffolds are stored in the freezer at -5◦.

• Annealing. 50 `L of staple/scaffold mixture was prepared in 0.5 ml DNA
LoBind tubes (Eppendorf) to minimize loss of origami to the sides of the
tube. Then the tubes were heated to 90◦C for 5 min and annealed from 90◦C
to 20◦C at -0.2◦C/min in a PCR machine. The annealed origami could be
stored in the refrigerator before purification step.

• Purification. The origami were purified away from excess staples using 100
kDamolecular weight cut-off spin filters (Amicon) in 1x TAE12.5mMMgCl2
buffer at room temperature. The first step is to wet the spin filter by running
500 `L of the buffer at 3000 rcf for 8 min. The filtrate was discarded, 50 `L
of origami were added to filter and the remaining volume was filled up with
the buffer. Then the following steps were repeated 4 times: run the centrifuge
at 3000 rcf for 8 min at room temperature, discard the filtrate, fill up the filter
with the buffer. After 4 spinning rounds, the filter was reversed, placed in a
new tube and centrifuged again at 3000 rcf for 5 min. The filtered origami that
were pushed out of the spin filter were collected and transferred for storage to
500 `L LoBind tube.

• Concentration measurement. After purification, the origami concentration
wasmeasured using a NanoDrop spectrophotometer (Thermo Scientific). The
theoretical molar extinction coefficient of a fully double-stranded M13mp18
molecule (n = 123, 735, 380 M−1cm−1) was used to calculated concentration
from the measured extinction coefficient by NanoDrop. After 4 purification
cycles, we usually measure 10-15 nM concentration of DNA origami for
initial scaffold concentrations of 20 nM. The origami should be stored at
concentration above 10 nM to prevent degradation of the concentration due
to the binding of the origami to the walls of the LoBind tube.

A.5 DNA origami placement procedure

• Incubation. Incubation was done in a covered petri dish with wet Kimtech
wipes inside to prevent the samples from drying out. For DNA origami
placement solution with 500 pM origami was prepared in placement buffer
(10 mM Tris, 40 mM MgCl2, pH 8.3) and a 20 `L droplet was deposited in
the middle of the chip on top of the patterned region. The chip was placed in



90

a closed, humid petri dish and the origami solution was allowed to incubate
on the chip for 1 hour.

• Washing. After the 1 hour incubation, excess origami (in solution) were
washed away with at least 5 buffer washes by pipetting 40 `L of fresh place-
ment buffer onto the chip, and pipetting 40 `L off of the chip. Each of the
5 washes consisted of pipetting the 40 `L volume up and down 2–3 times to
mix the fresh buffer with existing buffer on the chip. Next, in order to remove
origami that were non-specifically bound to the passivated background, the
chip was buffer-washed 3 times using a Tween washing buffer made by adding
0.1% Tween 20 (v/v) to placement buffer. Because of the low surface ten-
sion of the Tween washing buffer, these washes were somewhat tricky: they
involved adding 20–40 `L of Tween wash buffer, just enough to cover most
of the chip, but not enough to spill over the chip and wet the back side of the
chip (this may introduce dust contamination from the petri dish).

• Tween incubation. After the 3rd wash, the chip was left to incubate for 30
minutes in the Tween buffer.

• Final wash. After 30-minutes incubation the chip was washed again for 5
times in Tween buffer.

• Ethanol drying. After DNA origami were washed out in a two-step process,
the samples were dried by exposure to an ethanol dilution series: 10 seconds
in 50% ethanol, 30 seconds in 75% ethanol, and 120 seconds in 90% ethanol.
To remove remaining 90% ethanol, chips were dried by compressed air from
an office duster.

A.6 AFM characterization
All AFM images were acquired using a Dimension Icon AFM/Nanoscope

V Scanner (Bruker). Dried sampled were scanned in air by a cantilever from an
SNL-10 probe (Bruker) at 62 kHz resonance. High-contrast height imaging was
performed to identify small (3`m) origami arrays inside a 100nm gold grid. The
zoomed-in images of individual origami were performed by the same AFM tip with
higher resolution and slower scanning speed. AFM images were processed using
Gwyddion (http://gwyddion.net/) and ImageJ(https://imagej.nih.gov/ij/).


