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Integrated photonics is a promising platform for next-generation technologies ranging from the
classical to the quantum. Conventional photonic integrated circuits are fabricated from silicon
and silicon compounds that, while excellent for passive components, are ill-suited for most
active applications. A solution to this problem is the heterogeneous integration of novel materials
with existing photonic devices fabricated from conventional photonic materials. In this thesis, I
specifically focus on the heterogeneous integration of colloidal quantum dots with silicon nitride
nanophotonics including techniques thereof. I will discuss my collaborative work on integration
techniques such as inkjet printing of colloidal quantum dot ensembles and singles as well as
template assisted self-assembly of single colloidal quantum dot arrays. I will also cover my work
on on-chip nanolasers using colloidal quantum wells, in addition to cavity-enhanced second-
harmonic generation from colloidal quantum dots. Lastly, I will discuss my work on near-visible

topological edge states in silicon nitride, which paves the way for integration with colloidal



quantum dots. This thesis is a step forward in the work of functionalizing passive photonic

devices with colloidal quantum dots.
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Chapter 1 Introduction

1.1 Motivation

Photonics has widespread applications across a variety of domains including sensing, quantum
information processing, and optical signal processing.! In order to make a realistic technology
using photonics, one must make an inherently scalable platform that takes advantage of the
existing semiconductor fabrication infrastructure. The shorthand for this notion is that the
photonics must be “CMOS-compatible,” which is to say, composed of materials that are
compatible with a typical semiconductor fabrication facility. In essence, this means that most
photonic integrated circuits are composed of silicon and silicon compounds such as silicon
dioxide and silicon nitride. While such materials have been well-documented as excellent
platforms for low loss passive photonic components,* they lack crucial properties such as
nonlinearity, which is essential for extending the application range of photonics> or the ability to
emit light, due to the indirect band gap.

This technological gap has motivated much research into heterogeneous integration of
CMOS-compatible photonic devices with other materials.® For example, heterogeneous
integration of lithium niobate’ and gallium arsenide lasers® has been demonstrated with silicon
nitride photonics using wafer bonding and transfer printing. The downside of these approaches is
the large cost and imposition they impose on the materials involved.

Low-dimensional semiconductor materials, including two-dimensional transition metal
dichalcogenides (TMDs) and zero-dimensional quantum dots (QDs), have emerged as an
alternative. These materials offer simpler integration strategies whether by dry-transfer of TMD
stamps’ or spin-coating/drop-casting of colloidal QDs. The focus of this thesis is on colloidal

QDs, which have been demonstrated to be efficient light emitters for displays and light emitting



diodes, as well as detectors,'%!!

covering key gaps in the capabilities of CMOS-compatible
materials. The heterogeneous integration of colloidal QDs with photonic devices is still an
emerging research field and, as will be discussed below, holds promise for applications such as
on-chip light sources'? and quantum information processing.®
1.2 Colloidal Quantum Dots
Since the early 20" century, it has been apparent that sufficiently small bits of matter will have
pronounced quantum effects.'® The intuition behind this is the typical introductory quantum
mechanics pedagogical example: particle in a box. In the limit where the particle’s de Broglie
wavelength approaches the box’s side length, the particle’s energy levels depend strongly on the
side length.'* This implies that length scale and dimensionality are powerful tuning knobs for the
properties of novel materials. Early work in low-dimensional materials consisted of the
discovery of the quantum Hall effect in two-dimensional electron gases,'> but complete
confinement came with the demonstration of size-dependent colors in copper chloride
nanoparticles embedded in glass.'®

In the intervening years, semiconductor colloidal QDs have emerged as an attractive low-
dimensional material owing to advances in synthesis,!” the ability to tune bandgap by controlling
the size,'® and the enhanced density of states from reduced dimensionality.!® These days,
colloidal QDs are a highly commercialized technology, and the colloidal QD display market is
expected to reach US $23.9 billion by 2029.% In the context of exploratory research, colloidal
QDs are still a relevant, active research topic.?! The majority of colloidal QD research focuses on
II-VI semiconductor QDs, especially CdSe and CdS compositions where a CdSe core is
surrounded by a CdS shell.?? This has developed into research of colloidal QDs for single-photon

23,24

sources,”>** optical gain material,”> and optical nonlinearity.?¢ In all of these applications, the



intrinsic colloidal QD properties would benefit from heterogeneous integration with a
nanophotonic cavity to, for example, form purer single-photon sources,?” nanolasers with lower
gain thresholds,?® and enhanced optical nonlinearity.? Furthermore, colloidal QDs benefit from
straightforward integration with photonic devices, which promises scalability for heterogeneous
devices with conventional CMOS-compatible photonics.

1.3 Nanobeam Photonic Crystal Cavities

Photonic crystals are nanophotonic devices formed by periodically structuring the permittivity of
a dielectric material. In analogy to periodic solid-state materials, photonic crystals inherit similar
properties such as Bloch states and Brillouin zones.*° Early work in photonic crystals for
heterogeneous integration with quantum emitters such as epitaxial QDs focused on L3 two-
dimensional photonic crystal cavities.’! However, one-dimensional nanobeam cavities have
emerged as a contender to traditional L3 cavities owing to their much smaller mode volumes,
which strengthens the light-matter coupling strength.3>** Therefore this thesis focuses on
coupling colloidal QDs with such nanobeam cavities.

An exemplary nanobeam cavity is depicted in Figure 1.1a. The cavity consists of a
waveguide with a one-dimensional array of elliptical holes punched into it. The outer region, also
known as the Bragg region, consists of elliptical holes that form a frequency-dependent Bragg
mirror centered around the cavity resonance. To form the cavity, the spacing between the holes is
adiabatically tapered to the center region, also known as the defect region (Figure 1.1a inset).
This forms a cavity mode where the light is trapped in a small region for a long time. A finite-

difference time-domain (FDTD) simulation of the cavity mode is shown in Figure 1.1b.
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Figure 1.1 (a) Scanning electron micrograph (SEM) of a typical nanobeam cavity. (b) Finite-difference time-domain
simulation of a typical cavity mode. The scale bar is 1 um. (c) Calculation of a typical nanobeam band structure
including that for the inner and outer unit cells.

One can understand the origin of this cavity mode using photonic crystal theory.*°
Essentially, in a photonic crystal consisting entirely of the outer/Bragg unit cell, a band gap will
form at the edge of the Brillouin zone, as shown in Figure 1.1c (purple lines). In the absence of
any defects, such a photonic crystal would act as a drop-filter by reflecting light in a frequency
range corresponding to the band gap. The cavity is created by introducing a defect in this
photonic crystal. The defect is specifically designed to support a mode at the edge of the
Brillouin zone in the center of the band gap at the target resonant frequency (Figure 1.1c, teal
line). This is done by adjusting one or more physical parameters of the outer region. Given that
Maxwell’s equations are scale-invariant in the absence of charges and currents*, as is a given in
most situations in nanophotonics, the resonant wavelength scales directly with physical cavity
parameters such as elliptical hole size and spacing. It has been found in this group that adjusting
the elliptical spacing is the most effective way to form the cavity.’® Therefore, the inner region
consists of identical elliptical holes to the outer region except the spacing is longer. This
effectively “pulls down” the lower frequency band of the hypothetical photonic crystal band
structure formed by the inner region into the center of the band gap.

The figures of merit for a cavity are primarily the quality-factor, Q, and the mode
volume. If we define the intrinsic cavity decay rate as x and the resonant wavelength as o, the

quality factor is defined as%:



Q= — (1.1)
The mode volume is further defined as:

[dV e(r)|E()?|

- g(rmax) IE(rmax) |2

(1.2)

Where ruax is the location of the maximum electric-field strength. The quality factor is the
approximate number of oscillations of the electromagnetic field before the cavity mode has fully
decayed and the mode volume measure confinement of the cavity mode. For a nanobeam cavity,
the typical Q ~ 1,000 — 10,000 and V' ~ (A/n)? 378

1.4 The Purcell Effect

New phenomena emerge when an emitter is coupled to a cavity. The emitter’s intrinsic decay
rate is denoted as y and the light-matter coupling strength is denoted as g. There typically exist
two regimes, depending on the coupling strength. If g is stronger than both the decay rates y and
k, then the system enters the strong coupling regime.*” In this regime, the cavity and exciton
modes hybridize into so-called exciton-polaritons. This has been widely explored in the context
of colloidal QDs****; however, the strong coupling will not be the focus of this thesis as
nanobeam cavities typically have insufficient coupling strength to overcome the large colloidal
QD decay rate.**

Instead, this thesis will focus on the more common situation: the so-called weak coupling
regime. In this regime, the predominant cavity contribution is the Purcell Effect, which is the
enhancement (or suppression) of the spontaneous emission rate of an emitter, by a factor of Fp,
in the presence of a cavity.* The origin of this effect is in Fermi’s Golden Rule, which states that
the transition rate between two quantum states is proportional to the final state’s density of

46,47

states.* This derivation has been mathematically derived in several places, and the interested



reader is invited to check those references for a mathematical treatment. In words, the role of the
cavity is to provide a density of states that is significantly higher than free-space, therefore
enhancing the spontaneous emission rate of a cavity-coupled emitter at the cavity resonance.
This has been demonstrated with colloidal QDs several times both in this thesis and in the
literature. -0

Colloidal QDs exist in a regime where the emitter decay rate is significantly faster than
the cavity decay rate. This is known as the “good-cavity” regime (or “bad-emitter” regime,
depending on your level of optimism). Importantly, the Purcell enhancement expression takes a

different form in this regime:!

@Uf(r) (1.3)

4t2n3 V
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Here Qop is the QD quality factor and ¢(r) is the ratio of the electric-field intensity at the
emitter’s location to the global maximum. This expression is significantly different from the
usual one. Fp no longer depends on the cavity quality factor and instead depends on the emitter
linewidth. The cavity mode volume, V, is still crucial obtaining a high Purcell enhancement. This
i1s why nanobeam cavities, with their ultrasmall mode volumes, are relevant for colloidal QD-
cavity coupling, especially in the context of nanolasers, as will be discussed later in this thesis.

The Purcell Effect is also important for colloidal QD single photon sources. It is
necessary for single photon source to emit photons that are highly indistinguishable from one
another;>? however, colloidal QDs suffer from huge dephasing rates that render the photons

distinguishable.>® In terms of the radiative QD lifetime, 77, and the optical coherence time

(inverse of the total dephasing rate), 7>, the indistinguishability, / = ZT—; The record / measured so
1

far has been perovskite QDs with relatively long 7> ~ 80 ps and short lifetime 77 ~ 210 ps,



resulting in 7 ~ 0.19%3, which still falls far short of the target / ~ 1. Therefore, even modest
Purcell enhancement would result in a brighter and more indistinguishable single photon source.
1.5 Thesis Outline

The focus of this thesis is on cavity-coupling of colloidal QDs. In Chapter 2, I discuss the
deterministic positioning work done in collaboration primarily with Theodore Cohen,** Hao

3336 and Greg Guymon.>”® I will present several stages of the technology development

Nguyen,
starting with inkjet printing of perovskite colloidal QD ensembles on cavities, showing the
suitability of inkjet printing for scalable colloidal QD heterogeneous integration. This is followed
by a demonstration of inkjet printing of CdSe/CdS colloidal QDs on suspended cavities,
expanding the library of devices compatible with inkjet printing. In parallel, we demonstrated
deterministic placement of “giant” silica-shelled CdSe/CdS colloidal QDs on a planar substrate
using template-assisted self-assembly to create an array of quantum light emitters, which shows a
scalable technique for single particle placement. These works culminated in the first
demonstration of single colloidal QD printing on a photonic device due to advances in “colossal”
QD synthesis and electrohydrodynamic inkjet printing. This paves the way for scalable
heterogeneous integration of colloidal QD quantum light emitters with nanocavities.

In Chapters 3 and 4, I cover my work on on-chip light sources, including nanolasers and
second-harmonic generation, using colloidal QDs integrated with nanobeam cavities. First, we
demonstrated a visible-wavelength nanolaser using colloidal quantum wells deterministically
positioned on an on-substrate nanobeam. This shows the ability of deterministic positioning to
enable scalable, monolithic nanolasers. Next, in collaboration with Minho Choi,> we

demonstrated the first continuous-wave, room temperature telecom nanolaser using PbS colloidal

QDs. This was enabled by integration of the PbS colloidal QDs with the low mode-volume



nanobeam cavity and resonant pumping of the QDs. Last, I demonstrated the first instance of
second-harmonic generation using CdSe/CdS colloidal QDs integrated with a dielectric
nanocavity. Compared to previous reports using solid-state QDs and plasmonic cavities, this is
expected to be a more scalable platform for nonlinear optics.

In Chapter 5, I discuss my work in topological photonics. We demonstrated near-infrared
topological edge states in a two-dimensional lattice of coupled silicon nitride racetrack
resonators. This is the first demonstration of such edge states outside of the telecom wavelength
range, which is relevant for enabling coupling to colloidal QDs. In addition to effectively
simulating the integer quantum Hall Hamiltonian, this platform could be extended to nonlinear

topological Hamiltonians by introducing colloidal QDs.



Chapter 2 Deterministic Positioning of Colloidal Quantum Dots

The following chapter is based on works written primarily by Theodore Cohen,”’ Greg

3738 and Hao Nguyen® in collaboration with me.

Guymon,
2.1 Inkjet Printing Colloidal Quantum Dot Ensembles on Monolithic Nanobeam Cavities
Nanoscale patterning of materials has been critical for the rapid advancement of electronic
information processing technologies.®®®! The patterning of luminescent materials attracted early
research interest,%? and this capability has become critical for many emerging photonic device
platforms where the precise heterointegration of emitters and other materials on nano-
photonic structures is needed.®*%* Inkjet printing has emerged as a promising method for
patterning photoactive nanocrystals (NCs) because it is a rapid, mask-free method of placing on-
demand droplets of a material into any arbitrary pattern with almost no material waste.®>¢
Typical inkjet printing resolutions are limited to tens of micrometers, which is less precise than is
needed for integrated photonics. Smaller printed features can be generated with
electrohydrodynamic inkjet printing (EHDIJ), a process that uses an electric field applied from
the print nozzle to overcome surface energetics and viscous kinetics that limit mechanical droplet
formation to generate droplets far smaller than those obtained with traditional inkjet printing.®
EHDIJ printing of luminescent NCs has been used to manufacture light-emitting
diodes,”®’! photodetectors,'® and chip-integrated plasmonic lasers.”>’*> Additionally, EHDIJ
printing has been investigated as a potential method for patterning luminescent materials on

integrated photonic circuits because it is compatible with numerous substrate types and ink

compositions. Early work in this area focused on integrating CdSe NCs with plasmonic



structures,”’75

and it was shown that in some cases, CdSe NCs could be placed on gold
plasmonic wedge waveguides at the single-emitter level.”® Organic dye molecules have also been
coupled to photonic crystal cavities with EHDIJ printing,’? and a recent report demonstrated that
quantum emitter behavior could be obtained from EHDIJ printed terrylene dye molecules.”’
Since then, perovskite NCs have emerged as promising materials for quantum photonics due to

48,78

their impressive lasing properties, superior single-photon emission,?*” lifetime-limited

excited-state spin coherence,® and intriguing collective emission properties.®!*? These NCs have

86,87 and

been patterned with subtractive optical lithography,®**° lower-resolution inkjet printing,
EHDIJ printing for LEDs®® and radiative lifetime-encoded security tags,®® but EHDIJ printing
has not been used to deterministically place perovskite NCs on nanophotonic cavities, an
advancement that is necessary to develop next-generation chip-integrated quantum photonic
devices. Furthermore, given the many documented structural instabilities of individual perovskite
NCs” and self-assembled arrays of these NCs,”! a thorough analysis of these materials after
EHDIJ printing is necessary to evaluate whether the high voltages used during processing are
compatible with these notoriously unstable materials.

In this work, we use EHDIJ printing to deterministically position CsPbBr3 NCs on
nanophotonic structures. Atomic force microscopy (AFM) images and photoluminescence (PL)
studies of the printed NCs show that tunable NC features with diameters of 500 nm and heights
of 50 nm could be reproducibly fabricated without compromising the NCs’ PL properties.
Additionally, we use SiN membrane transmission electron microscopy (TEM) grids to collect the
first-high resolution TEM images of EHDIJ printed NCs to date. These images show that, in

some cases, 200 nm printed features containing <200 individual NCs can be fabricated with

EHDIJ printing. Finally, we demonstrate that this printing method can be used to
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deterministically place these NCs onto SiN nanobeam cavities®® with NC emission being
successfully coupled to the cavity modes. These results show that perovskite NCs can be
effectively processed with EHDIJ printing with high precision and at scale for photonic device
integration.

CsPbBr3 NCs were synthesized and the original ligands were replaced with
didodecyldimethylammonium bromide according to methods reported previously.’® This
synthesis yields orthorhombic perovskite NCs with an average edge length of 9.7 £ 2.1 nm and
narrow ~520 nm PL with a PL quantum yield of ~80%. The NCs were then dispersed in a 1:1
mixture of octane and hexadecane at a NC concentration of ~10" M for the formulation of a
stable EHDIJ printing ink dispersion. Figure 2.1a shows a schematic of the EHDIJ printing setup
used in this work. Printing is performed by applying a voltage between the electrode within the
print nozzle and the substrate ground plane. This voltage polarizes the printing solution, creating
an electric field that overcomes the intrinsic surface energy controlling the meniscus curvature of
the EHDIJ ink at the nozzle orifice, i.e. creating a Taylor cone at the tip of the print nozzle, as
illustrated in the inset of Figure 2.1a. Computer control of the voltage parameters associated with
this electric field allows droplet formation and acceleration toward the substrate, and the
controlled movement of the substrate stage enables the printing of very high resolution patterns..

This approach allows fine and arbitrary tuning of the NC drop spacing in any desired pattern.
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Figure 2.1 (a) Scheme describing the EHDIJ printing setup. A computer-controlled AC source creates an
alternating voltage profile between the print nozzle and the printer bed via a small electrode embedded in
the print nozzle. This voltage generates an electric field between the print nozzle and the print substrate that
drives printing. Inset: diagram showing the effect of an electric field on the meniscus at the tip of an EHDIJ
print nozzle. Partial polarization of the NC ink overcomes the ink’s surface energy and draws a convex
Taylor cone out of the EHDIJ nozzle to produce small droplets that form the final print pattern. PL
microscope images of printed CsPbBr; NCs on a fluorinated SAM-treated silicon substrate with (b) 2 um

feature spacing and (c) 20 um feature spacing

Figure 2.1b, ¢ shows PL microscope images of EHDIJ printed CsPbBr; NCs under 450
nm excitation. The 210 um print pattern in Figure 2.1b consists of 2 um spaced NC features
printed with a 70 ms hold time. Figure 2.1c shows a section of a 500 um pattern composed of 20
um spaced features printed with a 40 ms hold time. The hold times were selected based on an
optimization to maximize the ratio of on-target to off-target printed features. Green PL is
observed from each printed NC feature, and the 2 and 20 um grid patterns are well maintained
across the entire printed pattern with few defects. To test whether EHDIJ printing affects the

optoelectronic properties of the CsPbBr3 NCs, steady-state PL studies of NCs before and after
printing were conducted. Figure 2.2a shows PL spectra of a printed NC feature and an ensemble
of the same NCs drop-cast onto a silicon substrate. The PL spectrum of this large, printed feature
is unchanged, but a minor blue shift is noted for smaller printed features. Furthermore, the inset

of Figure 2.2a shows that, when NC print patterns are excited with 450 nm light, visible NC PL
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can be observed with the eye and imaged with a cell phone camera. The NCs thus remain bright

following the EHDIJ printing process.
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Figure 2.2 (a) Normalized PL spectra of CsPbBr; NCs drop-cast from hexanes solvent and EHDIJ printed on a
silicon substrate. Inset: photograph of printed patterns on a glass substrate, under 450 nm illumination. The 1 mm?
print patterns visible here have different brightnesses because they were printed with different parameters and
different numbers of print passes. AFM images of NCs printed with 20 um feature spacing and bump hold times of
(b) 40 ms and (c) 70 ms. (d) AFM image of NCs printed with 2 um feature spacing. (¢) Height profiles from the
color-coded lines in the AFM images in panels (b)—(d) showing controllable, sub-micrometer NC feature sizes.

Figure 2.2b—d shows AFM images of EHDIJ printed CsPbBr3 NCs, and Figure 2.2e
shows height profiles collected along the color-coded lines shown in Figure 2.2b—d. These
printed features are less than 1 um in diameter, which highlights the high-resolution patterning
capability of EHDIJ printing. Figure 2.2d shows that remarkably consistent feature spacings of 2
um can be readily achieved with this technique. The height profiles in Figure 2.2e further
demonstrate that printed features can be reduced to diameters as small as 500 nm by optimizing
print parameters. These liquid-ink-derived features show minimal “coffee ring” character and
smaller final NC feature dimensions in comparison to features printed on untreated substrates.
Finally, the step heights observed for the prints shown here are all multiples of the NC edge
length of ~10 nm, demonstrating that these print features are likely composed of only two to
four layers of CsPbBr3 NCs.

To print NCs onto prefabricated SiN nanobeam cavities, we used an EHDIJ printing
alignment process to ensure that printed droplets were placed directly on the centers of the

nanobeam cavities. Aligned print patterns were then coated with poly (methyl methacrylate)
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(PMMA) to encapsulate the NCs against environmental degradation during optical
characterization and to preserve the inversion symmetry of the refractive index surrounding the
cavity without affecting the NC PL. The nanobeam cavities are designed to maintain a high
quality factor even when they are encapsulated in a polymer.* Figure 2.4a shows a PL
microscope image of EHDIJ printed NCs on a large array of nanobeam cavities. The inset of
Figure 2.4b shows a magnified image of one individual nanobeam cavity. The green emission of
the printed CsPbBr3; NCs is clearly visible at the centers and at the grating couplers found at both
ends of each nanobeam cavity waveguide. This result shows that the printed NC emission is
successfully coupled into the nanobeam cavity and that EHDIJ printing successfully placed NCs
onto all the devices. Figure 2.4b shows the spectrum of emission emanating from the grating
coupler of the nanobeam cavity in the inset of Figure 2.4b. In addition to the broad background
PL of non-cavity-coupled NCs, a sharp peak at ~517 nm is observed. This peak can be assigned
to NC emission that is coupled to the cavity mode of this nanobeam cavity. Lorentzian fitting of
this peak reveals a Q factor of ~1000 for this cavity-coupled emission, which is in good
agreement with the expected Q factors for this nanobeam cavity structure. We also note an
additional higher order cavity peak at ~503 nm. We attribute this mode to slight out-of-plane

inversion symmetry breaking of the refractive index by the printed NCs.”?
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Figure 2.3 (a) PL microscope image of EHDIJ printed CsPbBr3 NCs on an array of prefabricated monolithic Si3N4
nanobeam cavities. NC features were printed with 50 wm spacing, and several off-target features are present. Visible
PL can be seen emanating from the grating couplers at the top and bottom of each cavity. (b) PL spectra collected
through a nanobeam cavity grating coupler. In addition to broad background CsPbBr3 NC emission, a sharp peak is
observed at ~517 nm, associated with NC PL coupled to the nanobeam cavity mode (Q ~ 1000). Inset: PL
microscope image of the nanobeam cavity characterized in (b). The scale bar is 10 um.

There are several important advancements in this work that demonstrate the potential of
EHDUIJ printing for the integration of perovskite NCs with photonic devices. First, despite the
promising structural characterization in prior reports of EHDIJ printed CdSe or perovskite NCs,
the TEM data presented here provide unique and comprehensive evidence of NC structure
preservation and self-assembly during the printing process. This result is particularly important
for perovskites because of their well-documented environmental instability and the potential of
both single-perovskite NCs as single-photon sources and self-assembled superlattices as
superfluorescent correlated photon sources for chip-integrated quantum photonics. While CdSe
NCs have been EHDIJ printed on plasmonic devices with near-micrometer precision, and reports
of EHDIJ printed perovskite NCs demonstrate ink coalignment with a precision of ~10 pum, this
report demonstrates sufficient feature alignment precision to place perovskites on a ~10 mm?
array of dielectric photonic crystal cavities with unmatched, sub-micrometer precision. The
coalignment imprecision here is greater than one micrometer but can be improved by using a

more precise print stage and alignment setup. Similarly, the O factor of ~1,000 demonstrated

here can be improved through an improved cavity design.
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2.2 Inkjet Printing Colloidal Quantum Dot Ensembles on Suspended Nanobeam Cavities

This EHDIJ technique was expanded to include deterministic printing of colloidal QDs on
suspended nanobeam cavities. These cavities are chosen for their maximal index contrast, which
results in smaller mode volumes and higher Q-factors and compatibility with strain tuning
techniques.?®324°* However, traditional drop casting and spin coating techniques can put
significant mechanical stresses on inherently fragile suspended nanophotonic structures due to
capillary, kinetic, and thermal effects during the coating and drying stages of these processes.

Herein, we address the challenges of hybrid integration for high-performance suspended
nanophotonic structures using contactless EHDIJ printing. We utilize robust CdSe/CdS core-
shell QDs as photoactive materials, prepared in a cosolvent ink designed for the EHDIJ printing
process. The materials are integrated into dielectric-mode SiN-suspended cavity pairs, designed
to photonically couple with the peak emission wavelength of the QDs, at varying cavity
separation distances. This work demonstrates the first, and only known, method for the
deterministic positioning of quantum dots onto suspended photonic structures, with nanoscale
precision.

CdSe quantum dots were synthesized via a modified hot injection colloidal synthetic
approach.” To improve their photoluminescence quantum yield (PLQY), a CdS shell was grown
over the core CdSe by slow-injection of cadmium oleate and octanethiol.”® To prepare the
synthesized core/shell QDs as a stable colloidal ink for printing, the particles were dispersed in a
1:1 octane:hexadecane mixture to a suitable concentration, indicated by the optical density of the
first excitonic absorption peak. Figure 2.5a shows the normalized absorption and (PL) of the
stabilized colloidal QD ink, with peak PL centered ~624 nm. The inset image in Figure 2.5a

shows a colloidal QD ink under ambient light illumination (left) and UV illumination (right).
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The lack of sub-bandgap scattering in the absorption spectrum and the lack of haziness in the left
image showcase the high colloidal stability of the QD ink. The rich, scarlet fluorescence in the

right image demonstrates the strong fluorescence of the QDs in this EHDIJ ink.
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Figure 2.4 (a) Normalized absorption and PL spectra of CdSe/CdS quantum dots. Inset: Image comparison of the
colloidal QD ink under ambient and ultra-violet (UV) lighting conditions. (b) PL characterization of 500 nm
separated suspended Si3Ny cavity. Inset: SEM imagery of the respective fabricated device. The presence of a single
mode peak at ~625 nm indicates no coupling at this distance. (c) PL characterization of 100 nm separated suspended
Si3N4 cavity. The two peaks between 620 nm and 630 are assigned to two cavity supermodes, which indicates that
these cavities are strongly coupled at this distance. Inset: SEM micrographs of the respective fabricated devices.

SiN nanobeams were fabricated using standard nanofabrication techniques based on SiN
thin films on Si substrates. After lithography and etching, this process yields an array of SiN
nanobeams that are air-surrounded (below, to the sides, and between the waveguides), except for
connection of the beams to the substrate only at their fixed ends. Nanobeams were fabricated in
pairs, with beam separation distances ranging from 100 to 500 nm. To determine the
photoluminescent coupling and resonance of the QDs and the cavities, the devices were
illuminated with 445 nm continuous wave excitation and measured via their intrinsic SiN PL
spectrum. This also allowed characterization of the cavities’ Q factors.

Figure 2.5b shows the PL spectrum of a nanobeam with 500 nm separation distance, fit
with a Lorentzian curve, revealing a quality factor of ~ 3,400. Beams with a 500 nm separation
distance can each be treated as completely isolated nanophotonic structures, demonstrated by the

single sharp resonance peak at ~ 625 nm. However, reducing the separation distance of the
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beams to 100 nm yields sufficient inter-cavity electric-field overlap to enter a strongly coupled
regime, as seen by the two peaks in Figure 2.5c, with Q factors of ~5,400 and ~2,360 for
supermodes 1 and 2, respectively. This result confirms the functionality of this device's
architecture for investigating the spatial influence of photonic cavities, prior to the hetero-
integration of photoactive materials. Inset images of Figures 2.5b, ¢ highlight the cavity's
suspended design, with a distinct trench etched from around and below the beams. Each device
was fabricated with wedge-shaped concentric gratings to the right of the top waveguide and to
the left of the bottom waveguide. These gratings diffuse light from either beam after hetero-
integration and indicate the presence or absence of coupling. The web-like substance below the
beams is a residual byproduct of the isotropic XeF; etching process.

The colloidal QDs were physically integrated with the nanophotonic cavities via high-
resolution EHDIJ printing. Figure 2.6 shows a schematic of the EHDIJ tool used for this work.
An example of the printing precision that can be achieved with this tool is demonstrated in the

microscopy image of a printed CdSe/CdS QD array in Figure 2.6.
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Figure 2.5 Schematic of the electrohydrodynamic inkjet printing setup used in this work. The inset image shows PL
microscopy with 450 nm excitation of CdSe/CdS quantum dots printed with 2 pm pitch.
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The SEM images in Figure 2.7 shows a series of dielectric-mode SiN cavities after
alignment to structures on the device substrate and CdSe/CdS QD printing. Here, the presence of
QDs solely on the upper beam indicates that the printed droplet only contacts and deposits QDs

onto a single cavity from each pair down to cavity spacings as small as 100 nm.
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Figure 2.6 SEM imagery of suspended cavity beam pairs post-EHDIJ printing. The micrographs show an
aggregation of CdSe/CdS printed on a single beam for each pair. (a) 500 nm beam separation. i. Device overview
image. ii. Cavity print site image. (b) 200 nm beam separation. i. Device overview image. ii. Cavity print site image.
(c) 100 nm beam separation. i. Device overview image. ii. Cavity print site image.

Following the EHDIJ printing of the QDs, the asymmetric QD-coupled nanobeam pair
devices were inspected using a PL microscope under 450 nm excitation. The microscopy in
Figures 2.8a-c shows suspended cavity pairs with waveguide spacings of 500, 200, and 100 nm,
respectively. The emissions from the cavity and waveguide coupled to the gratings at the edge of
each waveguide. These gratings were used purely for qualitative microscopy measurements
because their design allowed photonic coupling to be gauged by their relative brightness. In

Figure 2.8a, the emissions from the right grating indicate strong coupling between the cavity and
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the quantum dots. The lack of emission from the left grating indicates no inter-cavity coupling
for this waveguide's separation distance. The emission visible at the top of the left grating is due
to its proximity to the top waveguide, which causes minor unintended grating coupling, but does
not impact the performance of the device in any meaningful way. For the 200 nm separated
cavity pair (Figure 2.8b), the brightness of the right grating indicates strong coupling between the
QDs and the cavity, while the brightness of the left grating indicates detectable inter-coupling.
The high light intensity at both gratings (Figure 2.8c) indicates that nanobeams separated by

100 nm show the strongest inter-cavity coupling.
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Figure 2.7 PL microscopy and characterization of asymmetrically printed QD-coupled suspended cavity pairs. (a)
PL spectra of 500 nm separated suspended nanobeam cavities. Inset: PL imagery of the respective cavity. (b) PL
spectra of 200 nm separated suspended cavities. Inset: PL imagery of the respective cavities. (c) PL spectra of

100 nm separated suspended cavities. Inset: PL imagery of the respective cavities. (d) PL lifetime measurements of
QDs printed on the cavity site and outside of the cavity. The QD's dashed blue line represents the best-fit bi-
exponential to the mean of the raw data (black) for the external QDs, accompanied by a shaded curve (gray) to
represent the standard deviation of the fit. The cavity's dashed red line represents the fitted biexponential curve of
the data (black) for the cavity-coupled QDs.

Having identified the photonic coupling types present and their respective strengths in
each suspended cavity design through qualitative PL microscopy, we further characterized these
devices through quantitative spectroscopy methods. Figure 2.8a shows PL spectra obtained by
exciting the QDs with 532 nm light and collecting the resulting cavity emission from the right
end of the top grating for asymmetrically printed QD-coupled nanobeam cavities separated by
500 nm. The broad peak is assigned to non-cavity coupled emission from the QDs, and the sharp

peak at ~ 622 nm is assigned to QD PL that is coupled to the fundamental mode of a single
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nanobeam cavity. We fit the sharp peak with a Lorentzian curve to obtain a quality factor of ~
3,000, with no other statistically significant peaks that would indicate inter-cavity coupling. As
the cavity spacing is reduced to 200 nm, two sharp peaks become visible in the PL spectra shown
in Figure 2.8b with a peak spacing of ~ 0.2 A. Figure 2.8c shows the spectroscopy of the as-
printed inter-cavity coupled device with a cavity spacing of 100 nm. Here, the separation of the
supermodes (O1 ~ 5,200, Q2 ~ 1,900) is increased to 3.4 nm, which corresponds to a stronger
coupling strength. This behavior is in good agreement with previous work using CdSe/CdS QDs
and monolithic SiN nanobeam cavities.”

Figure 2.8d shows QD PL lifetime data collected from the upper cavity of Figure 2.8a
compared to data collected for the same QDs that were printed away from the cavity. Because of
the relatively large beam separation (500 nm), this system can be effectively treated as an
isolated cavity for determining the Purcell enhancement of the hetero-integrated device. In both
cases, the PL lifetimes were fitted to a biexponential decay. For the QDs that were not coupled to
any cavities, the average fast and slow PL decay was 1.18 £ 0.07 and 5.31 = 0.17 ns,
respectively, whereas, for the cavity-coupled QDs, the fast and slow PL decay was 1.02 and
4.13 ns, respectively. This result corresponds to average Purcell factors of 1.15 and 1.29 for the
fast and slow decay, respectively, which is in line with similar reports.”®> When compared to the
maximum possible Purcell enhancement factor determined by FDTD simulation, the
experimentally measured values were in good agreement with the simulated value of 1.34.

Colloidal quantum optical materials hetero-integrated with suspended photonic devices
have been explored for their potential in next-generation optical devices, but no scalable, fully
additive, and sustainable method exists to deterministically place these materials on such fragile

nanostructures. By successfully combining CdSe/CdS core-shell QDs with these suspended SiN
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nanobeam cavities in this work with EHDIJ printing, we convincingly demonstrate that this
printing method has great potential to help elucidate the fundamental understanding of light-
matter interactions and provide a viable path to manufacture fully integrated quantum photonic
devices of unlimited scale and complexity. We show that the printing process has a minimal
impact on emitter properties or cavity performance, and the patterning precision can reach length
scales as small as 100 nm. To the best of our knowledge, this is the first demonstration of
selective colloidal material positioning on suspended cavities at the length scales needed to
demonstrate tunable inter-cavity coupling. Such fine patterning fidelity on these suspended

78,97-99

structures could unlock the full potential of high gain nanomaterials, magneto-optical

100-102

nanoparticles, and other narrow-linewidth emitters>>!% with high Q-factor individual

4

cavities,!* cavity pairs,*® and strain-tunable nanostructures.”* These advanced hetero-integrated

systems could be used to produce PT-symmetry lasers,!%>1% fully-integrated nanoscale optical

networks, '’

and other unique device architectures that could not be fabricated without the
methods described here. Furthermore, previous demonstrations of single emitter positioning with
EHDIJ printing’” and high-yield single-particle placement of individual silica-shelled CdSe/CdS
QDs> suggest that this printing process could enable high-yield and high-precision patterning of
individual emitters on nanophotonic devices to enable the manufacturing of single photon
emitter-based integrated circuits.

2.3 Template-Assisted Self-Assembly of Single Colloidal Quantum Dot Arrays

Quantum nanophotonics holds great potential for several quantum technologies including
quantum sensing, quantum computing, and quantum communication.!%1% However, poor

scalability is a critical hurdle that hinders progress in this field. A scalable nanophotonics

platform requires replacing traditional bulky table-top optics with chip-scale photonics. One
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necessary condition for such a scalable platform is the ability to deterministically position single-
photon emitters in an array, and subsequent coupling to nanophotonic structures, such as
resonators. Although large arrays of nanophotonic cavities have been demonstrated,''° finding
the ideal material for reliable generation of indistinguishable single photons and their scalable
integration still remain outstanding challenges.

Dispersions of colloidal materials are compatible with various solution-phase integration
techniques.!!1"113:113:114 Strajghtforward integration methods, such as spin-coating, drop-casting,
capillary assembly, and doctor blade coating, are often performed on patterned or templated
substrates with nano- or microscale traps generated by electron beam lithography to enable
precise positioning of isolated single QDs.***!!5"117 Deterministic and scalable positioning of
one or a few QDs using these approaches can be realized when the QD size is maximized and/or
the size of the predefined trap is minimized.!'®!"® A different route for precise placement is to
manipulate the location of a QD on a substrate with atomic force microscopy and/or SEM with a
nanomanipulator;'?"122 however, this approach does not offer a feasible path to scaling. Most
recently, EHDIJ has been demonstrated to deposit droplets of nanoparticles on an array of
nanocavities.>* For this technique, although the production of small ink droplets containing a few
nanoparticles was achieved, targeting one particle per droplet remains difficult due to the small
size of the nanoparticles and the constraints imposed by the nozzle diameter. Furthermore,
implementing available techniques for large-scale patterning of QD single-photon emitters is
problematic due to the QD’s small size, surface chemistry, and/or poor stability in ambient
conditions.'?® Overall, despite intense effort, deterministic positioning of QD single-photon

emitters with high scalability remains a challenge.
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Here, we demonstrate a bottom-up strategy via silica shelling of CdSe/CdS QDs
combined with template-assisted self-assembly to deterministically position QD single photon
emitters. Applications of silica-shelled QDs are ubiquitous in the biomedical field based on four
major advantages: (1) optical transparency, (2) high colloidal, chemical, and optical stability of
their dispersions, including in water at different pH values, (3) reduced toxicity of conventional
QDs, and (4) versatility of surface modification.'?*!? In this study, we experimentally show that
silica shells both increase the physical size of the CdSe/CdS QDs to facilitate device integration
and stabilize the QDs to achieve room-temperature single-photon emission. We use the template-
assisted self-assembly technique, recently reported for placement of nanoparticles,'3%!3! to
deterministically deposit single giant silica-shelled CdSe/CdS QDs in ordered arrays wherein
they continue to exhibit bright single-photon emission. This synthetic approach provides a
scalable and versatile strategy that could be combined with other large-scale placement methods
for fabricating quantum nanophotonic devices.

For core—shell CdSe/CdS QDs, increasing the number of monolayers of the shelling
material is a typical approach to achieve larger particle sizes. However, even with the laborious
and time-intensive deposition of 19 monolayers of CdS, the QD size only reaches 20 nm in
diameter, while a large amount of precursor material is consumed.!'*? In addition, an excessively
large CdS shell on a CdSe core leads to a reduction in PLQY due to the formation of interfacial
defects caused by lattice strain.!**"13° The optimal PLQY is observed when 8-10 monolayers of
CdS are applied to achieve QDs of 10-11 nm in total diameter.”® Hence, we synthesized wurtzite
CdSe/CdS core—shell QDs containing 9 monolayers of CdS with a total diameter of 11 + 0.4 nm

via the dual injection method (Figure 2.9b).”%!%¢ The synthesized QDs show PL centered around
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640 nm with a narrow emission linewidth with a half-width-half-maximum of 27 nm and an 82%

PLQY.
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Figure 2.8 Characterization of the synthesized QDs including (a) photoluminescence (solid curves) and UV—visible
absorption spectra (dotted curves), (b) TEM images of CdSe/CdS QDs, and (c¢) CdSe/CdS/SiO, QDs.

With the reverse microemulsion route, the CdSe/CdS QDs were efficiently encapsulated
in silica shells with an average total diameter of 90 + 18 nm, confirmed by transmission electron
microscopy (TEM, Figure 2.9c). We also observed a small number of hollow silica particles and
non-shelled QDs. After the silica shelling process, the PL of the QDs slightly blue-shifted,
resulting in a peak maximum at 635 nm with an improved half-width-half-maximum of 20 nm,
which are typical behaviors of silanization of QDs (Figure 2.9a).

To deterministically position the giant silica-coated QDs into arrays, we employed a
template-assisted self-assembly technique that has been demonstrated to precisely arrange single
nano-diamonds and gold nanoparticles with diameters as small as 40 nm across millimeter-scale
areas. On a Si/Si0; substrate, electron beam lithography was used to define poly (methyl
methacrylate) (PMMA) resist templates composed of 9 x 24 rectangular arrays of cylindrical
traps with a 10 pm spacing and a depth of 157 nm, equal to the PMMA resist thickness. For

every row, to optimize the capture of single 90 nm diameter silica-shelled QDs, the trap
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diameters were designed to increase from 90 to 170 nm in 10 nm increments, although the actual
trap sizes were measured from SEM images to be larger (likely due to overexposure or

overdeveloping) and to range from 122 to 238 nm in diameter.

Stage VM

PMMA template
[

Si/SiO, substrate

Lifting off PMMA template

Increasing trap diameter

Figure 2.9 Schematic process of the template-assisted self-assembly method to deterministically place silica (light
blue sphere)-shelled QDs (red sphere) in an array using a PMMA template (yellow) on a Si/SiO» substrate (light
blue).

The assembly was performed in a home-built apparatus in which an aqueous dispersion
of silica-coated QDs was deposited between a glass slide and the template surface. The QD
dispersion was translated across the template surface at a speed of 2 um/s by a motorized stage
(Figure 2.10). A strong capillary force at the meniscus of the liquid rear edge drives the particles
into the template traps.'*”"!* During the assembly process, the environmental humidity (ambient
dew point around —25 °C) and the substrate temperature (22 °C) were monitored and kept
consistent as fluctuations of these factors can affect the assembly yield. Finally, a liftoff step
through immersion of the samples in N-methyl-2-pyrrolidone for 1 min and acetone for 1 min
was done to remove the PMMA layer and any non-specifically bound QDs outside of the traps.

To obtain the yield for the QD assembly into the patterned array, SEM was used to image
all 216 positions of one 9 x 24 array. Positioning of QDs in the entire array was tracked by

taking images of subarrays to construct the large array image (Figure 2.11a). Ordered subarrays
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of QDs were clearly seen from the SEM images (Figure 2.11c), in which positions with a single
QD (Figure 2.11d, e), multiple QDs (Figure 2.11f), and missing QDs could be clearly identified.
Statistical characterization of the assembly showed that 75% of the traps were occupied by single
QDs, 14% contained multiple QDs, and 11% were empty. Figure 2.11b shows that the optimal
assembly yield for the silica-shelled QDs with an average diameter of 90 nm was achieved with a
trap diameter of 160 nm, where only one position in the 24-member column was vacant. In
addition, a smaller trap size (diameter < 150 nm) resulted in a higher frequency of missing QDs,
and a larger trap size (diameter > 190 nm) exhibited a higher frequency of multiple QDs. From
the SEM images of the array before the PMMA liftoff step (Figure 2.11d), we found that the
single QDs tend to attach to the trap wall after assembling, indicating that the absolute position
of single QDs from our technique is influenced heavily by the trap diameter. This leads to a
trade-off between assembly yield and precise positioning, where larger traps result in better

capturing of QDs, but less precision in the absolute position of the QDs.

27



a. Measured trap diameter (nm)
122 148 160 176 190 197 213 220 238

T

N
=

x X e D e 20 . Empty
% e B e D @
..... X e o B g 16
...... e o @® s 12 . Single QD
X o 0 o ® g .
: . : : : : ; : : 4 D Multiple QDs
...... « o o
...... ® o B 0
..... ® o n o 122 148 160 176 190 197 213 220 238
PR « ® o Measured Trap Diameter (nm)
. t 3 D o . .
..... ® S D o
...... e ® ®
® oo 5@ e o o
X X % e« o o o o
. x X e o
X X o o o B
..... ® % e D
x - X e D e B
x % % e B
| I ® o &
...... e o B
...... ® o B

@ Position where multiple particles were found
x Position where no particle was found

@ Position where a single particle was found
d. e.

500 nm 500 nm 500 nm
——
———

Figure 2.10 (a) Schematic construction of one 9 x 24 array showing the assembly yield. (b) Plot showing the
frequency of traps containing multiple, one, or no QDs as a function of trap diameter. SEM images of (c) sub arrays
of QDs, (d) a single QD in a trap before the PMMA liftoff step, (¢) a single QD in a templated position after the
PMMA liftoff step, and (f) multiple QDs in a templated position after the PMMA liftoff step. The contrast of the
SEM images was adjusted after imaging to optimize visibility of particles and the array.

Finally, we studied the optical properties of the giant QDs in the 9 x 24 array to compare
with the ones on the planar substrate. It should be noted that measurements of QDs on the planar
substrate and QDs in the array were taken 6 months apart. Figure 2.12a shows the distribution of
emission maxima for 34 single QDs in the array. Most of the emission peaks centered around
635 nm, consistent with the ensemble QD emission. To acquire the statistics for single-photon
emission of the single giant QDs in the array, the second-order autocorrelation functions, g®(t),
of 32 QDs were collected. Figure 2.12b displays the distribution of g®(0) values, where 16 QDs
show photon antibunching behavior with g?(0) < 0.5. The PL time traces of the measured QDs
showed that emission bleaching occurred in less than 3.5 min for 11 QDs, between 3.5 and 10

min for 17 QDs, and after more than 10 min for 4 QDs. Additionally, blinking suppression was
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observed for 10 QDs. Figure 2.12¢ displays the PL map of a subarray highlighting three

representative QD single-photon emitters with low g®)(0) values. The optical characterization of

these three QDs is shown in Figure 2.12d-1, where blinking suppression was seen in QD5 and

QD6 and the g®(0) value was as low as 0.14 for QD6. These results confirm that the silica-

shelled QDs retained their photostability and single-photon emission through the assembly

process and over a long period of time, making them suitable for photonic device operation at

room temperature. This is an important advance since colloidal materials often become unstable

within weeks after their synthesis when left under ambient conditions.
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Figure 2.11 (a) Schematic construction of one 9 x 24 array showing the assembly yield. (b) Plot showing the
frequency of traps containing multiple, one, or no QDs as a function of trap diameter. SEM images of (c) sub arrays
of QDs, (d) a single QD in a trap before the PMMA liftoff step, (e) a single QD in a templated position after the
PMMA liftoff step, and (f) multiple QDs in a templated position after the PMMA liftoff step. The contrast of the
SEM images was adjusted after imaging to optimize visibility of particles and the array.

29



A practical nanophotonics platform using colloidal materials as quantum emitters
requires scalable integration. Our work presents a combination of a synthesis design to increase
colloidal QD size through silica shelling with a template-assisted self-assembly technique to
deterministically position giant QD single-photon emitters in a large array, which directly
demonstrates the scalability advantage of colloidal materials for photonic devices. We have
shown that template-assisted self-assembly allows placement of QD single-photon emitters into a
large array with high assembly yield. The giant QDs both in the array and on planar substrates
showed clear antibunching, characteristic of single-photon generation. It can be expected that
optimization of the silica shelling process will maintain the superior PLQY of the starting
CdSe/CdS and related core/shell QDs and may mitigate photobleaching issues, thus even further
improving the single-photon emission properties of these materials. We envision that the
demonstrated method of silica shelling may be applicable to other highly emissive nanomaterials
such as halide perovskites or semiconductor QDs emitting in the IR range, which increases their
stability and will advance the use of solution processable materials in the field of quantum
nanophotonics. Finally, giant silica-shelled QDs are also a flexible class of materials that may be
compatible with other device fabrication techniques to achieve deterministic single-particle
positioning in complex photonic platforms.

2.4 Inkjet Printing Single Colloidal Quantum Dots on Nanobeam Cavities

In the works discussed so far, we have either demonstrated scalable EHDIJ printing of colloidal
QD ensembles on nanophotonic devices or less scalable template assisted self-assembly of giant
silica-shelled QD ensembles on planar substrates. The missing link in these works is scalable
EHDIJ printing of single colloidal QDs on nanophotonic devices, which was enabled by the

recent synthesis of colossal CdSe/CdS colloidal QDs.>® Here, we present a new EHDIJ model
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that exploits nanoscale dielectrophoretics to precisely print single colloidal QDs with accuracies
allowing fully-additive nanoscale photonics integration. Using colossal-shelled QDs solubilized
in apolar solvents, this method overcomes continuum fluid surface energetics and stochastic
imprecision that limited previous colloidal deposition strategies'*’, achieving selective extraction
and deposition of individual QDs at sub-zeptoliter volumes. Photoluminescence and
autocorrelation function measurements confirm nanophotonic cavity-QD integration and the first
single-photon emission from printed QDs. This additive, zero-waste nanomanufacturing process
offers a scalable, sustainable pathway for the precise heterointegration of nanomaterials down to
the single particle level, addressing key limitations in conventional nanofabrication techniques.

Recently, by leveraging dielectrophoretic (DEP) forces, EHDIJ printing has been shown
to form and eject sub-attoliter liquid droplets carrying solids by polarizing the particles
themselves in nonuniform electric fields**’. This mechanism generates directional forces on the
particles, driving solid-laden fluid along electric field gradients to allow the formation and
acceleration of high surface energy small droplets towards a target substrate. Conventionally, the
ink fluid has largely been considered as a continuum of liquid and solid constituents, relying on
the reduction of printhead nozzle diameters to reduce droplet volumes and nanoparticle

141

counts *'. Here, we demonstrate a new regime of EHDIJ printing, acting on sub-zeptoliter,

highly-polarizable, single particles dispersed in relatively non-polarizable solvents, to selectively
extract and precisely print individual quantum dots (QDs)—a critical milestone for scalable
integration of nanoscale materials. These semiconductor nanocrystals, known for their size-

dependent properties, are desirable for next-generation technologies, including optical quantum

142,143 144,145 147,148

devices , nano-transistors , sensors!#°, light-emitting diodes , single-photon

sources' 214 and CMOS circuits'*’. For this study, we selected ligand-dispersed CdSe QDs with
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colossal CdS shells (80 monolayers) due to their relatively large size (~70 nm in diameter) and

high dielectric constant that result in large static electric dipole moments, good dispersion, and

optoelectronic stability”®!132,
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Figure 2.12 (a) Reported droplet sizes using conventional mechanical inkjet and EHDIJ printing over the past 35
years, along with the results of this work. (b) Schematic diagram of the EHDIJ printing setup used here. Top inset:
fluorescence (FL) microscopy of EHDIJ printhead. Bottom inset: SEM of single EHDIJ-printed QD. (c) Graphic
representation of CdSe QD cores (orange) with tunable range of hexagonal diamond CdS shell (yellow) diameters.
(d) and (e), Bisected illustrations of EHDIJ printheads dielectrophoretically overcoming (d) surface tension to print
droplets of particle ensembles and (e) interfacial forces to print singular particles.

Figure 2.13b schematically illustrates our EHDIJ printing setup for positioning single QD
particles. Printing is initiated by applying a voltage between the electrode-integrated glass
capillary printhead and the substrate. This creates an electric field that guides the QDs to the
substrate. The top inset for Figure 2.13b shows a photoluminescence (PL) microscopy image of a
capillary printhead loaded with dilute colossal QD suspension showing the presence of isolated
emitters that include dispersed single QDs. By varying the printhead-to-substrate standoff height

and applied voltage, the electric field intensity can be maximized at the tip interface. Colloidal
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particles in an “ink” composed of oleic acid capped CdSe/CdS core/shell QDs suspended in an
apolar solution mixture are then driven to the tip interface by the electric field. This particle
mobility is achieved by utilizing a medium with a lower relative permittivity than that of the
dispersed particles, which gives rise to a polarization disparity between the two that forces the
particles towards regions of high electric field intensity. The QDs used in this work were
synthesized via a volumetrically tunable strategy that enables the QD core to maintain its
quantum-confined optoelectronic characteristics, while increasing the overall size and dipole
moment of the particle in an applied field through the shell design (Figure 2.13c). The tunable
polarization is crucial for generating the DEP forces needed to overcome the net interfacial
energies of a single particle, especially when factors like electric field intensity and material
properties have finite limits, as discussed in the following sections. The colossal core/shell
synthesis yields slightly asymmetric, hexagonal, faceted particles that we approximate as
spherical for later numerical and analytical estimations, due to their relatively isotropic
morphology'>’.

Conventional EHDIJ printing strategies focus on overcoming the energy of surface
tension (Fig.1d) to generate higher area, reversed curvature liquid-gas interfaces in the form of
convex Taylor cones and droplets. Alternatively, to separate a particle from a liquid-solid
interface, our focus is on overcoming interfacial tension (Figure 2.13e). When the particle is
more polarizable than its respective medium, like in the approach we propose here, the particle
moves along the electric field gradients towards regions of high field strength, often referred to
as positive DEP force, and displaces the less polarizable solvent medium.

To test this, we synthesized CdSe/CdS core/shell QDs with a calculated core radius of 1.8

nm and a designed total average radius of 36 + 3.1 nm from 80 CdS shell monolayers (see
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methods) and dispersed the particles in octane:hexadecane. Figure 2.14a shows the results of an
EHDIJ printing trial matrix with this dispersion on ITO-coated SiO2 across a variety of print
electrode voltage amplitudes (500-900 V) and hold times (0.5-2 s), with a fixed bias (1000 V)
and frequency (1 kHz). Here, the hold time refers to the period that the amplitude voltage is
applied over a position of interest. Afterwards, using machine vision to count the number of
detectable prints, the heatmap shows a gradient of successful QD printing, as determined by
fluorescent imaging, over this parameter space in 2D square arrays of one hundred attempts per
parameter tested, with each attempt in the arrays spaced by 5 microns in both lateral dimensions

on the substrate.
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Figure 2.13 (a) Effect of drive amplitude on FL detected print yield as a heatmap of number of prints detected out of
a 10 x 10 array of print attempt sites, per parameter configuration. (b) Histogram plot of QDs counted per print site
for a 10 x 10 array (900 V and 2 s parameter configuration) of attempt sites, as determined by SEM and FL.
Estimated QDs indicate QDs not detected via SEM but were positively-indicated by the FL microscopy (inset). The
distribution of estimated QDs is based on the non-zero statistical prevalence QDs per print, per bin. (¢) SEM image
of 2 x 2 array of EHDIJ-printed single QDs. White circles indicate single QD positions. Inset: SEM image of single
QD. (d) Plot of single QD emission spectrum (black) and Lorentzian fit (red). (¢) Second-order time correlation plot
(blue) and fit (red) of EHDIJ-printed QD showing single-photon emission, measured at room temperature, with 10
uW excitation (d and ). () Histogram plot of g®(0) measurements on EHD-printed single QDs (n = 11).
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Examining the highest print yield array (900 V and 2 s) with SEM, Figure 2.14b
summarizes the number of QDs detected per print via SEM and estimated via FL microscopy.
Figure 2.14c¢ shows a 2 x 2 subarray of single QDs from the larger array. The SEMs show the
expected faceted structure consistent with the known morphology of these colossal QDs*¢. We
performed experiments with thin-shelled®” and smaller colossal- shelled CdSe/CdS QDs, and
failed to achieve individual particle printing under similar parameters of the EHDIJ setup, again
consistent with the proposed model.

Figure 2.14d shows the room temperature photoluminescence spectrum of a single
printed QD with an emission peak at 624 nm, and a full-width half-maximum (FWHM) of ~21
nm, consistent with behavior of particles of this composition deposited by conventional drop-
casting approaches and measured in solution. Second-order correlation (g(2)) measurements on
the QDs confirm single-photon emission from printed QDs for the first time. Figure 2.14d shows
an example of a QD maintaining its single-photon emissivity (g (0) < 0.5) after EHDIJ printing,
a critical performance metric for utilizing these materials as single photon sources in quantum
computing or networking technologies. Measuring a sample of the EHDIJ-printed single QDs
(Figure 2.14f) shows a distribution of single-photon emitters, with a mean of g®(0)=0.33 = 0.1.

To demonstrate the utility of high-resolution single QD printing, we designed a
horseshoe-shaped nanophotonic crystal cavity with a resonant frequency of ~614.5 nm. We
fabricated the cavity with a monolithic waveguide structure that directs emission to rectangular
gratings at each end of the horseshoe. Applying the printing strategy described above, we printed
a single QD in the center of the cavity. Figure 2.15a shows a FL microscopy image of the
emission from the single QD coupling to the waveguide and scattering from the gratings. SEM

inspection of the print site (Fig.4b) confirms the presence of the single QD by identifying the
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characteristic hexagonal diamond-shaped colossal QD in one of the cavities’ central elliptical
wells. We note that while the QD is not at the highest intensity point in the cavity, we still expect

to observe significant coupling between the QD and the cavity.

e sow 597 nm L
2 08| T Ciem %
Spw F]
"‘ — W S g6 s
2
£ P _
H} f § 0.4 s =
[ “ "\ £ 0.2 Pl s
- | | e,
3 [ ‘ #
< [\ o &
> /M) \"A\,.,_N 0 10 _20 30 40 50
£ ] Power (uW)
£ ™
c 1 Cavity mode d 1} GratingPL £ o
Sos8 '_J«» 3 g
G ot T & 06
0.6 €125 6145 6165 >
g £ 04
c c
¢ 04 [
£ g2
0.2 1
0 e 0.5 ) g@(0)=044
-0.2
580 600 620 640 660 613.5 614 614.5 580 600 620 640 -200 -100 0 100 200
Wavelength (nm) Wavelength (nm) Wavelength (nm) t(ns)

Figure 2.14 (a) Fluorescent microscopy of horseshoe-shaped cavity with single EHD-printed QD. (b) SEM image of
the cavity region containing single QD. (c) Spectrum plot of cavity integrated QD, at 70 K, excited and measured
from the top. Inset: Magnified spectrum (shaded) around the cavity mode. (d) Spectrum of the pure QD-coupled
cavity mode PL to the grating (black) and Lorentzian fit (red) when exciting from the top, measured at room
temperature with 10 uW excitation (C and D). (e) Power-dependent spectra of QD-coupled cavity at 8 K with the
cavity mode region shaded (614 nm), excited and measured from the top. (f), Power dependence of 597 nm
(yellow), 617 nm (red), and 627 nm (blue) peak intensities at 8 K, with power-law fits (dashed lines). (g) Second-

order time correlation plot (blue) and fit (red) of cavity-coupled QD, excited (10 uW) and measured from the top at
room temperature.

The photoluminescence spectrum from the cavity-integrated QD in Figure 2.15¢ reveals
the coupling between the cavity’s sharp resonant mode and a broad QD emission at 70 K, a
condition chosen for its high emission intensity. Examining the narrow spectrum around the
cavity mode (Figure 2.15c, inset) is consistent with a modest Fano interference, indicated by the
characteristic Fano line shape'>!, which is more apparent at room temperature. Measuring the
room temperature photoluminescence from the cavity grating, at either end of the horseshoe,
isolates emission coupled to the cavity mode. Figure 2.15d shows this sharp Lorentzian mode,
with a quality factor of 12,500, measured from the Lorentzian fit linewidth over the center

wavelength.
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We measured the QD-cavity system at 8 K across multiple excitation powers (1-50 pW)
to examine the broadened tail emission. Figure 2.15e shows the separation of the broader
emission into an excitonic peak (617 nm) and its phonon sideband (627 nm). At higher power
(>5 uW), we identify the emergence of a secondary high-energy peak (597 nm), which we
attribute to a multi-excitonic transition, accompanied by its own phonon sideband (605 nm). The
observed single excitonic and phonon sideband emission is consistent with non-cavity QDs and
the 16 literature'>?, at low temperature. As shown in Figure 2.15f, the exciton and phonon
sideband scale nearly linearly with excitation power. The high-energy peak is highly non-linear,
with an exponent of 2.5, suggesting a multi-excitonic origin. Lastly, a g”(t) measurement of the
QD-cavity at room temperature (Figure 2.15f) shows the coupled system maintaining its single-
photon emission.

Here, we have demonstrated the first additive nanomanufacturing strategy for
deterministically positioning single QDs that exhibit single- photon emission. Not only does this
approach allow high throughput printing of large arrays of dots at room temperature, without
resorting to vacuum processing or lithography, but it also allows for the positioned deposition of
dots into prefabricated nanophotonic elements such as high-Q cavities. While we used colossal
(~70 nm) CdSe/CdS particles here, we estimate the method should be applicable to a range of
other colloidal nanoparticles, from halide perovskites, to nanodiamonds, opening the door to a
scalable, contactless, zero-wasted additive nanomanufacturing process that can be conducted at
ambient conditions to enable the positioning of single discrete colloidal QDs. These results
represent significant progress in realizing scalable photonic qubit platforms and the future

development of quantum optoelectronics.
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Chapter 3 On-Chip Nanolasers Using Colloidal Emitters

The following chapter is based on works primarily written by myself'>* and Minho Choi, in

collaboration with me.>

3.1 Visible Nanolaser Using Deterministically Integrated Colloidal Quantum Wells

Hybrid integration of photonic devices with colloidal semiconductor nanocrystals is a
compelling route towards large-scale active photonic devices that leverages the scalability of
both CMOS-compatible photonic platforms and inexpensive colloidal nanocrystal synthesis
techniques. In particular, on-chip nanolasers are an attractive application of hybrid integration
that combines gain media with low-loss dielectric nanophotonic structures.'>* Colloidal
semiconductor nanocrystals themselves have shown promise as a gain material in which a
nanolaser is formed by self-assembly of the colloidal material into geometries such as

155-157 and microdisks'>®. However, these self-assembled

whispering gallery mode resonators
geometries are not appropriate for large scale applications due to their fabrication disorders and
CMOS-incompatibility. Recent effort has instead turned to hybrid integration of colloidal
semiconductor nanocrystals including II-VI colloidal QDs, perovskite colloidal QDs*°, and I1I-VI
colloidal quantum wells (cQWs), also known as colloidal nanoplatelets,?® with nanobeam
photonic crystal cavities. As compared to hybrid integration efforts with other geometries such as
distributed Bragg reflector cavities'*” and Fabry-Pérot cavities*’, nanobeam cavities have a small

mode volume that tightly localizes the cavity mode and enhances the light-matter coupling

strength.
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CdSe/CdS cQWs are a promising candidate for colloidal nanocrystal gain material
because their reduced Auger recombination rate, compared to II-VI cQDs, enables high

160.161 and lasing when integrated with a suspended silicon nitride (SiN) nanobeam cavity

gain
geometry?®. On-substrate SiN nanobeam cavities have improved thermal and mechanical
properties compared to their suspended counterparts and have been used successfully to create
nanolasers with hybrid integration of perovskite cQDs*®. Furthermore, this work employs
deterministic positioning of cQWs on the cavity to offset the stochastic nature of colloidal
emitter coupling and maximize overlap of the cQWs with the cavity. As an overview of the
cQW-nanobeam cavity system used herein, Figures 3.1a and 3.1b depict the
absorption/photoluminescence spectra and a representative transmission electron micrograph,
respectively, of the cQWs used in this work, and Figure 3.1c depicts a scanning electron
micrograph of a typical nanobeam cavity. By utilizing a hybrid integration scheme, we
demonstrated a nanolaser with amplified spontaneous emission threshold of 2.9 W under
continuous wave pumping by hybrid integration of CdSe/CdS core/shell cQWs with an on-
substrate SiN nanobeam photonic crystal cavity. We also found that cQW shelling is essential to
maximizing gain.
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Figure 3.1 (a) Absorption and PL spectra of CdSe/CdS cQWs. (b) Transmission electron micrograph of CdSe/CdS
cQWs. The scale bar is 50 nm. (c) Scanning electron micrograph of an example SiN nanobeam cavity. The cavity
region coupled to cQWs and the grating couplers for collecting cavity-coupled cQW photoluminescence are
highlighted in green and yellow, respectively. The scale bar is 10 pm.
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4 ML CdSe cQWs were synthesized according to previous literature.'®? Briefly, 170 mg
of cadmium myristate, 12 mg of selenium powder, 15 mL octadecene (ODE) were combined into
a 50 mL three-neck flask and evacuated at room temperature for 1 h. Under nitrogen flow, the
flask was heated to 240 °C. At 190 °C, 40 mg of finely ground cadmium acetate dihydrate was
quickly added to the flask. The reaction temperature was maintained for 10 min after reaching
240 °C, then quickly cooled by air flow. At 100 °C, a solution of 2 mL oleic acid in 15 mL
methylcyclohexane (MCH) was injected and the solution was stirred under nitrogen overnight.
The cQWs were isolated by centrifugation at 11000 rpm for 10 minutes. The pellets were
redispersed in MCH.

Subsequently, CdS shell growth were performed on 4 ML CdSe cQWs by colloidal
atomic layer deposition (c-ALD) based on literature methods!®. In a nitrogen-filled glovebox,
core cQWs (~20 mg) were precipitated from the stock solution in MCH with ethanol. The cQWs
were redispersed in 100 uL MCH and combined in a 4 mL vial with 500 uL ODE, 100 uL
oleylamine, and 10 mg Li>S with a glass stir bar. The mixture was stirred at 150 °C on a hot plate
for 90 seconds. The S* capped cQWs were precipitated once with ethanol and then redispersed
in 100 pL MCH. To grow the Cd layer, the cQW solution was added to a 4 mL vial containing
500 uLL ODE, 100 pL oleylamine, and 15 mg cadmium formate. The mixture was stirred at
150 °C for 3 minutes, following by centrifugation and decantation to remove excess solids. The
cQWs were precipitated with ethanol and redispersed in 100 pL MCH. This completed one
monolayer growth of CdS shell. The second monolayer was grown by repeating the same
process.

The nanobeam cavity was designed for thin-film SiN on buffer SiO; with polymethyl

methacrylate (PMMA) encapsulation. The refractive index of PMMA closely matches that of the
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underlying SiO», which preserves the out-of-plane inversion symmetry.'%* This has been shown
to enable high quality factor SiN nanobeam cavity designs®>*. Verification of the cavity design
was implemented in the finite-difference time-domain (FDTD) solver from Lumerical. The
simulation layout consisted of a SiIN waveguide with elliptical holes, surrounded by a uniform
PMMA/SiO> medium. The 220 nm thick SiN waveguide was set to an unperturbed elliptical hole
period of 183 nm, a defect period of 175 nm, an elliptical hole major radius of 220 nm, a minor
radius of 50 nm, and a waveguide width of 550 nm. The cavity defect was formed in the center
by quadratically tapering the elliptical hole periodicity from the defect period to the unperturbed
period over 10 periods on either side. Extra mirrors to strengthen the light confinement were
formed by adding 15 more periods of unperturbed elliptical holes on either end. The resulting
cavity mode electric field profile is shown in Figure 3.2a. This resulted in a theoretical quality of
factor of ~10,000 and mode volume of ~2.1 (\/n)’.

The nanobeam cavity was fabricated using a 220 nm thick LPCVD SiN on 4 um thermal
Si0O2 on silicon wafer from Rogue Valley Microdevices. To define the pattern, ~300 nm thick
ZEP520A positive-tone electron-beam lithography resist was spun-coat on the surface and
patterned with a 100 kV electron-beam lithography system. The pattern was transferred to the
underlying SiN layer using a plasma etch consisting of fluorine-based chemistry. Figure 3.2b
shows a scanning electron micrograph of the nanobeam cavity centered on the defect region. In
order to deterministically position ensembles of cQWSs on the nanobeam cavities, windows in a
cladding layer of PMMA were opened with a subsequent aligned electron-beam lithography step.
This has been shown to increase the coupling efficacy of colloidal nanocrystals to nanobeam
cavities by ensuring the cQWs pack into a thick film on top of the nanobeam cavity®>.

Before integrating the cQWs, the nanobeam cavities were first characterized using
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transmission measurements since the nanobeam cavity is coupled to a SiN waveguide and
grating couplers. A broadband laser was shined on one grating coupler, and the transmission
spectrum was collected at the other grating coupler using a confocal multi-mode optical fiber.
Figure 3.2c shows an example transmission spectrum of a nanobeam cavity. Although several
modes are present, the results here focus on the coupling of the lowest order TE-mode. By fitting
to a Lorentzian lineshape, the experimental quality factor is found to be ~2,400. The
experimental quality factor is smaller than the simulated one, which is attributed to fabrication

imperfections.
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Figure 3.2 (a) The profile of the cavity mode electric field E, from FDTD simulation. The scale bar is 500 nm. (b)
Scanning electron micrograph of the nanobeam cavity defect region. The PMMA window is highlighted in green.
The scale bar is 500 nm. (c) Nanobeam cavity transmission spectrum as measured by sending a broadband laser
through the grating couplers without cQWs coupled to the cavity. The lowest order TE cavity mode is evidenced by
a Lorentzian peak with quality factor ~ 2,400.

cQWs were integrated with the nanobeam cavities by drop-casting a hexane solution
containing cQWs onto a chip containing many nanobeam cavities prepared with open PMMA
windows. The devices were re-encapsulated with PMMA to cover the open windows. The
coupling of cQWs was first confirmed by measuring the cavity-coupled photoluminescence
(cavity-PL) spectrum. For all cavity-PL experiments, the chip was placed in a vacuum chamber
to prevent degradation of the cQWs under laser excitation. A 445 nm continuous wave pump
laser was shined on the cavity defect region containing cQWs using a 40x (0.6 NA) objective

lens, and the cavity-PL spectrum was collected at a grating coupler to minimize background
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from uncoupled cQWs. The cavity-PL spectrum for the nanobeam cavity considered in the rest
of this work is shown in Figure 3.3a. By fitting this spectrum to a Lorentzian lineshape at high
pump powers, a cCQW-cavity coupled quality factor of ~830 is extracted. The degradation of the
pristine nanobeam cavity quality factor indicates that the cQWs are coupled well to the cavity.
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Figure 3.3 (a) The cavity-PL spectrum as measured by optically pumping the cQW PL and collecting through a
grating coupler. The same cavity mode is presented. (b) Time-resolved PL data for both uncoupled and cavity-
coupled cQWs. The solid lines represent biexponential decay fits to each data set.

Time-resolved measurements of the cavity-PL were performed to further confirm
coupling of the cQWs to the nanobeam cavities because it is expected the nanobeam cavities will
reduce the cQW spontaneous emission lifetime by the Purcell enhancement factor!%. In the limit

where the emitter linewidth is much broader than the cavity linewidth, this factor is given by:?3

32%Qem
=14 L xem 3.1
Fo=1+ 4n2n3VIIJ(T') (3.1

where / is the cavity resonance wavelength, Qe 1s the quality factor of the cQW PL, 7 is the
refractive index of the cavity dielectric, V' is the cavity mode volume, and y(r) is the ratio of the
cavity mode electric field intensity at the emitter’s location to the global maximum. For this
system, Qe ~ 34 and w(r) is 0.32 as the cQWs interact with the evanescent field on top of the

nanobeam cavity. Therefore, the theoretical Purcell Enhancement Fp~ 1.4.
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The time-resolved PL was collected for both uncoupled and cavity-coupled cQWs using a
pulsed pump laser (532 nm, 80 MHz repetition rate) and is shown in Figure 3.3b. The lifetime
was extracted by fitting the time-resolved PL to a biexpontential decay model due to the
presence of two radiative decay pathways in CdSe/CdS cQWs!®. From these fits, fast and slow
decay time constants 0.39 ns and 1.77 ns (0.27 ns and 1.39 ns), respectively, were extracted for
uncoupled (cavity-coupled) cQWs. This corresponds to an average Purcell Enhancement of 1.3,
which is slightly smaller than the theoretical prediction because not all the cQWs are coupled to
the cavity mode electric field maximum.

To characterize the lasing behavior of the nanobeam cavity coupled to cQWs, power-
dependent cavity-PL measurements were performed. The pumping power was monitored by a
beam splitter in front of the objective lens and cavity-PL spectra were recorded at each pumping
power. Figure 3.4a depicts the cavity-PL spectra collected at different pumping powers. This
shows an evolution of the cavity mode from a weak mode dominated by the background
uncoupled cQW PL to a clear cavity peak as the system transitions to the amplified spontaneous
emission regime.

Figure 3.4b and 3.4d show the “light in-light out” curve i.e. the dependence of the cavity
mode intensity, defined here as the integrated area under the cavity mode Lorentzian peak, on the
pumping power, respectively plotted on log-log and linear-linear scale. These data were fitted to

the laser rate equation:'®’

Rex = F ! P 2
o= T ran (5 ) G-2)

where R.x is the external pumping rate, P is the photon number in the cavity, /" is the cavity
confinement factor, z. is the cavity lifetime, a is the efficiency of stimulated emission into the
cavity mode, and f is the ratio of emission rate into the cavity mode against emission rates into
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all modes. The lasing pump power threshold is commonly defined as the point in which the mean
cavity photon number equals unity!®. Therefore, Equation 3.2 predicts the lasing threshold
occurs when the product aP = 1. According to the fit to Equation 3.2, the light in-light out curve
displays a high f of 0.57, which results in a soft kink at the calculated pumping power threshold

of 2.9 uW and is in line with similar reports?®.
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Figure 3.4 (a) Pumping power-dependent cavity-PL spectra. The solid lines represent Lorentzian fittings to the
cavity modes at each pumping power. The cavity mode peak emerges as the pumping power surpasses the amplified
spontaneous emission threshold near 2.9 uW. (b) The dependence of the area under the cavity mode peak as a
function of pumping power plotted on a log-log scale. The curve has a soft kink at the pumping power threshold,
which is indicative of high-f lasing. Plots of the solution to the laser rate equation with other values for  and
experimental data for core only cQWs coupled to a similar nanobeam cavity are both shown. (c) The linewidth of
the cavity mode peak as a function of pumping power from fitting to a Lorentzian lineshape plotted on a linear-log
scale. Above the threshold, the linewidth decreases as a function of pumping power. The error bars represent the
curve fitting error. (d) The same data shown in (b) but plotted on a linear-linear scale.

45



Figure 3.4b and 3.4d also depict a typical light in-light out curve for CdSe core-only
cQWs coupled to a similar nanobeam cavity designed for spectral overlap with CdSe core-only
cQWs. This curve shows weaker cQW-cavity coupling and no clear threshold, which suggests
that the CdSe/CdS cQW core/shell morphology is essential for high gain. Optical gain in both
core-only and core/shell cQWs originates primarily from biexcitons'>*!2. Core-only cQWs, in
comparison to their core/shell counterparts, experience charge trapping that diminishes their PL
quantum efficiency, broadens PL linewidth, and creates delayed emission due to unpassivated Se
edge sites'¢!"%, In addition to their intrinsic high susceptibility to surface defects and low
stability, cQWs in thin films encounter a greater effective dielectric medium leading to decreased
exciton binding energy'’!. This behavior results in more severe reduced radiative recombination,
decreased PL quantum yield, and ultimately lower optical gain when compared to core/shell
cQWs.

The dependence of the cavity mode linewidth as a function of pumping power was
extracted by fitting each spectrum to a Lorentzian cavity mode and is shown in Figure 3.4c. This
shows a linewidth of 0.458 nm at low pumping powers that narrows to 0.418 nm and re-broadens
to 0.440 nm due to gain-index coupling below the predicted threshold'’?. As the pumping power
crosses the predicted threshold, the linewidth monotonically decreases due to increasing
coherence time in the cavity and suppression of the spontaneous emission. This linewidth
behavior, in conjunction with the light in-light out curve, confirms that the cQW-nanobeam
cavity system is behaving as a nanolaser.

A continuous wave optically pumped nanolaser based on hybrid integration of solution-
processed CdSe/CdS core-shell cQWs and an on-substrate SiN nanobeam cavity was

demonstrated. The amplified spontaneous emission onset threshold was calculated to be 2.9 uW.
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Deterministic integration was utilized to maximize coupling of the colloidal gain material to the
nanobeam cavity, and it was shown that core/shell cQWs generate greater optical gain than their
core-only counterparts, enabling lasing. The wavelength range of similar devices could span the
visible spectral range by controlling the cQW composition and modifying the periodicity of the

nanobeam cavity elliptical holes!”

. As previously mentioned, similar nanobeam cavities
integrated with core-only CdSe cQWs did not yield lasing. This suggests that the core-shell cQW
morphology is essential for optical gain and that advancements in the cQW synthesis and
chemical composition, for example by creating graded heterostructures, could further improve
the lasing performance'”*. Optimization of active gain area by altering the PMMA window size
could improve the lasing performance in future studies. Furthermore, by incorporating the
nanobeam cavity with another resonator, deterministic positioning could be used to selectively
apply gain material to a single cavity to module the gain-loss balance in the coupled cavity
system!%, Electrically pumped lasing of II-VI cQD light-emitting diodes has been recently
demonstrated, which suggests electrically pumped lasing with II-VI cQWs may be possible!”.
3.2 Continuous-wave Infrared Nanolaser Using PbS QDs on a Silicon Nanobeam

Making a laser out of silicon is one of the paramount challenges in the field of photonics.
However, the indirect bandgap of silicon fundamentally limits its possibility even just as an
emitter. Over the last few decades, numerous alternative approaches have created CMOS-
compatible lasers, and the most established way in both industry and academia is using hybrid
integration of III-V compound semiconductors, i.e., InGaAs or InP, to a silicon substrate using
wafer bonding or transfer printing.!”"!”” However, there is a significant amount of cost

associated with this hybrid integration procedure. Another approach is epitaxial growth of

germanium on silicon, where the germanium itself has an indirect bandgap around 0.66 eV, but
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becomes a direct band gap under tensile strain.!3%!8! Elsewhere, researchers created several
defect states inside the silicon and utilized them as an emitter and silicon as a host medium.!8>183
However, both approaches of Ge/Si and defect centers are facing difficulties as an industrially
wide-spread platform due to the complicated fabrication procedure and probabilistic success rate.
Solution-processed materials, e.g., QDs, nanocrystals, or nanoplatelets in solvents, are
rapidly growing platforms that have high stability and quantum yield, as well as a large degree of
freedom for integration regardless of the substrate materials.'**!%> One major reason that two-
dimensional materials are highlighted is their versatile scalability with transfer printing;
however, solution-processed materials have larger-area scalability as they can be simply spread
out, e.g., spin coated or drop casted, then dried for integration. Many recent works have
leveraged solution-processed materials to demonstrate highly efficient light-emitting

188,189 and lasers.!**!?! Nevertheless, a solution-processed silicon nanolaser

diodes,'#%'%7 sensors,
has never been demonstrated yet.

Lead sulfide (PbS) QDs have a direct band gap in a wide range of near-infrared
wavelengths from 800 to 2,200 nm, depending on the size of the QDs. Due to its high quantum
yield, it has been widely used as both an efficient absorber and emitter in various optoelectronic
fields.'>"'%° In this work, we used PbS QDs immersed in a toluene solvent, which has a band gap
energy of around 0.8 eV, as a gain medium for a silicon nanolaser. We fabricated a high quality-
factor (Q-factor) nanobeam cavity and then deterministically positioned the PbS QDs at the
center of the cavity mode region. To verify its lasing phenomenon, we directly excited the PbS
QDs with a continuous-wave laser and an objective lens, then collected the cavity-coupled PL

from the grating coupler. We adjusted the excitation laser power from 0 to 6 pW, and observed

the cavity-coupled PL transition from spontaneous emission (SE) to amplified spontaneous
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emission (ASE) and lasing due to significant linewidth narrowing, ~30%, and non-linear PL
intensity profile along the excitation power increases.

Our nanolaser consists of a nanobeam cavity, which confines light in a small mode
volume with a high Q-factor, and two orthogonal grating couplers, which extract in-plane light to
free space for optical characterization. Since the two grating couplers are optimized for polarized
light which are orthogonal to each other, we can measure transmission spectra from one grating
to another to characterize the resonant wavelength and Q-factor of nanobeam cavity. When
integrating the PbS QDs with the nanobeam cavity, we should be aware that the PbS QDs not
only emit light but also absorb light. Therefore, having PbS QDs only near the cavity mode
region and not along the waveguide and grating couplers can minimize unwanted absorption and
scattering.!”® We patterned a PMMA window at the cavity mode maximum (Figure 3.5a), and
then the coated PbS QDs on top of the window resulting in the deterministic positioning and
coupling of the QDs to the nanobeam cavity. There are still a lot of QDs on top of the PMMA
layer, but the large thickness of the PMMA layer, ~400 nm, isolates these QDs from the
nanocavity mode. For the lasing experiment, we excited the QDs directly from the top by optical
pumping with a 1480 nm continuous-wave laser using an objective lens of NA 0.65 and collected

its photoluminescence out of the one grating coupler to measure the cavity-coupled emission.
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Figure 3.5 (a) Schematic of a deterministic positioning of PbS QDs on top of the nanobeam cavity mode using
PMMA window and the emission propagation through the grating coupler. (b) Lateral and vertical mode profiles of
the nanobeam cavity from the simulation. Shaded background structures represent the buried silicon nanobeam
cavity in a glass. (c), (d) SEM images of the nanobeam cavity and orthogonal grating couplers before (c) and after
(d) the PbS QDs integration, respectively. (e) (f) Transmission and PL spectra of the nanobeam cavity extracted
from a grating coupler before (e) and after (f) the PbS QDs integration, respectively.

We designed the nanobeam cavity and the grating coupler using FDTD simulations. For
lasing, stimulated emission needs to occur, and the gain from the active medium needs to exceed
the cavity loss and material absorption. To achieve a low lasing threshold (~1 pW), we applied
Gaussian modulation on the elliptical nanohole spacings and achieved a high Q-factor, greater
than 10°, from the simulation. We used a refractive index of the nanobeam cavity as 3.48, i.e.,
silicon, and the surrounding medium as 1.50, i.e., glass and PMMA, respectively. Figure 3.5b
represents both lateral and vertical mode profiles of the confined electric field. We can see that
the electric field is placed at the center of the nanobeam cavity with symmetry in both lateral and
vertical directions due to the similar refractive index of the glass substrate and PMMA.

We implemented the simulated design to the physical device with following fabrication
sequences: resist coating, electron-beam lithography, reactive ion etching, and resist removal.
Scanning electron microscopy images of the fabricated nanobeam cavity, waveguide, and two
orthogonal grating couplers are shown in Figure 3.5¢c. We put additional PMMA on top of the
fabricated device and created a window at the center of the nanobeam cavity using electron-beam

lithography. Then we spin-coated PbS QDs solution to place the QDs near the electric field
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maximum of the nanobeam cavity. In the real device to measure the lasing phenomenon, we
coated another PMMA and dried it at room temperature for about a day. However, to confirm the
correct placement of PbS QDs, we dissolved a PMMA in acetone without sonication and
measured SEM images of the PbS QDs with the device (Figure 3.5d). We can clearly observe the
PbS QDs placed at the center of the nanobeam cavity following the shape of a rectangular
PMMA window, even though some of the PbS QDs can be dissolved by acetone.

To characterize the fabricated device, we measured the transmission spectrum from one
grating to another with a broadband light source. Figure 3.5¢ represents the transmission
spectrum of one device that has a sharp peak at the cavity resonance. At this point, only PMMA
is used to encapsulate the device and not the PbS QDs. From the spectrum, we can confirm that
the resonant wavelength is around 1575 nm and the Q factor is about 4.4Xx10°. After putting the
PbS QDs solution on the PMMA window and encapsulating the whole device with another
PMMA layer, we excited the PbS QDs directly from the top and measured the cavity-coupled
emission extracted from one of the grating couplers. We can see that the resonant wavelength is
now red shifted to ~1580 nm due to the higher refractive index of PbS QDs compared to PMMA,
and the Q factor of the cavity is slightly reduced to about 3.0x10* due to the absorption from the
QDs (Figure 3.5f1).

We used a continuous-wave infrared laser to excite the PbS QDs placed at the center of
the nanobeam cavity and measured the cavity-coupled PL extracted from the grating coupler.
Here, we used a 1480 nm wavelength laser encountering a Stokes shift of about 75 nm. At the
lasing regime, the gain from the active medium needs to be large enough to compensate for the
cavity loss and material loss, and we can adjust the gain by changing the excitation power.

Therefore, we adjust the power of the excitation laser to see the transition from spontaneous
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emission, SE, to amplified spontaneous emission, ASE, and lasing.'””!*® Figure 3.6a represents
the cavity-coupled PL spectra from one of the gratings while changing the excitation laser power
from 0 to 6 pW. We notice the rapid growth of the PL intensity around an excitation power
region of 2 to 3 pW, where the ASE occurs. On the other hand, observing a linewidth narrowing
is one of the most promising features of the stimulated emission.!**!?7-2% The linewidth is a
more robust parameter than the measured intensity because the intensity is strongly affected by
the slight misalignment. Figure 3.6b depicts a normalized PL spectra of the cavity-coupled PL at
six different excitation powers, i.e., 0.3, 1.0, 1.6, 2.3, 3.0, 3.6 uW, and we notice linewidth of the

emission is narrowing.
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Figure 3.6 (a) Excitation power-dependent cavity-coupled PL spectra. (b) Normalized PL spectra of the PbS QDs
coupled nanobeam cavity at six different excitation powers, i.e., 0.3, 1.0, 1.6, 2.3, 3.0, 3.6 uW. (c) Excitation power-
dependent linewidth. (d) Excitation power-dependent PL peak intensity. The dotted lines indicate the calculation
with respect to the different p values, 0.15, 0.22, 0.40, and 1.0. Black dots indicate the excitation power-dependent
spontaneous emission for the PbS QDs uncoupled to the cavity. € Excitation power-dependent ratio between
stimulated and spontaneous emission, 1.

To explicitly analyze the spectra, we fitted the PL spectra at each excitation power with
the Lorentzian equation. From the extracted parameters, we can divide the three excitation power
regimes of SE, ASE, and lasing. First, and most importantly, the linewidth of the emission
narrowed down significantly, about 0.2 nm or 30%, at the ASE regime due to the collective

recombination of the excitons in PbS QDs (Figure 3.6¢). By the definition of the stimulated
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emission, multiple excitons having the same bandgap energy start to recombine simultaneously
which results in the coherent emission. As a result of the collective recombination, we can
observe the super-linear increase of PL intensity at the ASE regime, where the emission intensity
grows more rapidly than the other regimes, i.e., SE and lasing. At higher excitation, collective
recombination meets equilibrium, and the emission intensity with respect to the excitation power
becomes linear again (Figure 3.6d). We analyze the intensity behavior of lasing according to the
rate equation, Equation 3.2, resulting in the following relationship between the excitation power
(P) and the PL intensity. Here, t. value can be derived from the Q factor, QA/21mc, where the A is
resonant wavelength and c is the speed of light. In this case, the Q-factor is about 4.4x10° and A
is about 1580 nm which results in the t. of about 3.69%x107!% sec. From the fitted graph, we can
see that the measured data is matched when {3 is about 0.22, which is comparable to other
nanolasers at the visible wavelength regime. Moreover, we can calculate the threshold excitation
power for lasing by setting aP = 1 in Equation 3.2, and the result of 1.19 pW is also close to the
starting point of the ASE regime.

On the contrary, spontaneous emission from the PbS QDs outside of the nanobeam cavity
shows a clear linear relationship between the emission intensity and the excitation power. We
integrated the PL intensities from 1579.5 to 1581.0 nm and displayed the relative intensities with
respect to the excitation power as black dot in Figure 3.6d. Since the spontaneous emission
without a cavity shows a clear linear relationship, we can define the ratio between the cavity-
coupled PL intensity and cavity-uncoupled PL intensity (1) according to the excitation power.
We can clearly observe the ratio, 17, jumps from one level, ~0.15, to the upper level, ~0.5, during
the ASE regime because of the super-linear increase of the cavity-coupled PL intensity (Figure

3.6e).
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It is worth noting that the wavelength of the nanolaser can be adjusted by modulating the
nanobeam cavity. By changing the size and period between elliptical holes, we can adjust the
resonant wavelength of the nanobeam cavity. As a result, the cavity-coupled PL spectrum, i.e.,
lasing mode, has been adjusted accordingly. Figure 3.7a represents excitation power-dependent
PL peak intensities of three different nanobeam cavities having three different resonant
wavelengths. We fitted with Eq. (2) and the corresponding (3 and threshold power, Py reshold are
extracted as 0.24 and 0.89 uW, 0.88 and 2.15 uW, and 0.22 and 1.19 uW, respectively. Figure
3.7b represents the lasing spectra of three different devices, where the resonant wavelengths
occur at around 1570, 1573, and 1580 nm.
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Figure 3.7 (a) Excitation power-dependent PL peak intensity and plot with different 8 values, 0.15, 0.40, and 1.0, for
three different nanolaser devices coupled with PbS QDs. (b) PL spectra of three different nanolaser devices at lasing
mode.
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In conclusion, we have demonstrated a room-temperature continuous-wave lasing in a
solution-processed silicon nanocavity for the first time, operating in the optical
telecommunications window. We used commercially available solution-based PbS QDs as a gain
medium and silicon nanobeam as a high-Q optical cavity. By patterning a PMMA window on top
of the nanobeam cavity, and then spin-coating the PbS QDs, we can deterministically position
the QDs at the cavity mode to enhance the coupling and minimize the propagation loss along the
waveguide. We adjusted the power of the continuous-wave excitation laser from 0 to 6 W, and
characterized cavity-coupled PL emission changing from SE to ASE, and lasing — clarified by
the linewidth narrowing, and super-linear intensity increment. We could also adjust the
wavelength of the nanolaser by modulating the structural parameters of the nanobeam cavity and
observe the lasing phenomena at three different wavelengths all in the optical
telecommunications window. Our result can be a significant breakthrough as a scalable silicon

nanolaser and paves the way for circuit-based universal photonic processors and interconnectors.
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Chapter 4 Nanocavity-Enhanced Colloidal Quantum Dot Second-

Harmonic Generation

The following chapter is based on a work written primarily by myself:**!

Nonlinear optical phenomena are crucial to integrated photonics applications such as laser
wavelength conversion and amplification and show promise as a mechanism for all-optical
switching.2?-2% However, most foundry-compatible materials exhibit weak intrinsic
nonlinearity, limiting their potential for low-power on-chip integration. Furthermore, a material’s
crystal structure must break inversion symmetry to have a finite second-order susceptibility. This
precludes silicon and silicon compounds from second-order nonlinear optical processes such as
second-harmonic generation (SHG), which finds applications in spectroscopy, frequency
conversion, and frequency combs.??>2%7 The emergence of low-dimensional materials has
opened new routes to low-power nonlinear optics, especially second-order, owing to relaxed
phase matching conditions and intrinsic broken inversion symmetries.?’*?% Among these
materials, colloidal quantum dots (QDs) are a promising class of materials for on-chip nonlinear
optics due to their tunability, strong nonlinearity, and ease of integration with photonic devices
via recent developments in deterministic heterogeneous integration techniques.®>*3°-8:210
Additionally, the large bulk second-order nonlinearities of II-VI elements commonly used in
colloidal QDs, such as CdSe and CdS, indicates II-VI colloidal QDs hold promise for SHG.?!!
Nanocavity integration is critical to reducing the power thresholds for nonlinear optics by

confining light in a small volume for an extended period.?!> Amongst low-dimensional materials,

previous works have reported cavity-enhanced SHG from monolayers of transition metal
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213215 while colloidal QDs remain unexplored for cavity-enhanced SHG. The

dichalcogenides,
most relevant reports have been limited to non-colloidal II-VI nanomaterials integrated
plasmonic structures, with the highest cavity-enhancement factor ~1,000 in a CdS nanobelt
coupled to an Au thin film.??!® Plasmonic structures are not favorable for low-power, scalable
operations due to inherent absorptive losses from metal, and there are no reports of cavity-
enhanced colloidal QD SHG in a dielectric nanocavity. Here, colloidal colossal CdSe/CdS QDs
were integrated with a silicon nitride (SiN) nanobeam cavity, chosen for its high-quality factor,
small mode volume, and compatibility with colloidal QD integration.”® By comparing the
colossal QD SHG generated from the cavity to that from QDs on an unpatterned substrate, we
estimate a cavity-enhancement factor of ~ 3,040.

The nanobeam cavity, as depicted in Figure 4.1a, was designed according to previously
established methods.* The cavity geometry consisted of a 330 nm thick and 650 nm wide SiN
waveguide on buffer oxide with poly(methyl methacrylate) (PMMA) encapsulation. The cavity
region was comprised of a one-dimensional array of elliptical holes with a major radius of 300
nm, a minor radius of 60 nm, and a period of 234 nm. Starting from the center, the period of the
holes was quadratically tapered to 243 nm over 10 periods on both sides to gradually introduce
the mirror region. An additional 20 holes of the same period were added to either side to increase
the cavity mirror reflectivity. This design was verified in the Lumerical finite-difference time-
domain (FDTD) solver and resulted in a theoretical quality factor, O, of 40,000 and mode
volume 2.9 (Mn)*, where 1 and n are the resonant wavelength and refractive index of SiN,
respectively. Figure 4.1b shows the simulated electric-field intensity profile of the targeted

transverse-electric polarized cavity mode. This design was fabricated using 100 keV electron-
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beam lithography and a fluorine-based dry etch chemistry according to previous protocols.'>

The cavity is coupled to a waveguide and grating couplers to facilitate characterization.

Figure 4.1 (a) SEM of a nanobeam cavity. Inset: magnified SEM of the cavity region. (b) Finite-difference time-
domain simulation of the nanobeam cavity mode electric field intensity, |E|. (c) Transmission electron micrograph
of the colossal CdSe/CdS QDs used in this work.

Colossal core/shell CdSe/CdS colloidal QDs were synthesized using a previously
reported method.>® First, wurtzite CdSe QD cores with an average particle diameter of 3.5 nm
were prepared following an established method, where particle growth was terminated 45
seconds after the injection of the Se solution.?? The QDs were purified by centrifugation twice
using hexane as the solvent and methyl acetate as the antisolvent, then stored in hexane. The QD
cores were shelled with 80 monolayers (MLs) of CdS using the stepwise shelling method in
increments of 30, 50, and 80 MLs, without purification between steps.’® The final product, CdSe
QDs shelled with 80 CdS MLs, was purified by centrifugation with hexane to remove small CdS
particles and unreacted precursors and was stored in hexane. The colossal QDs’ morphology was
analyzed by transmission electron microscopy, as depicted in Figure 4.1c, which indicates a
hexagonal diamond shape with average height of 72 nm. Colossal QDs were integrated with the
nanobeam cavities by drop-casting a solution containing many QDs on the cavity chip. After
allowing the solution to dry, the chip was spin coated with PMMA to encapsulate the cavities

cladded with colossal QDs.
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The nanobeam cavity was first characterized using a confocal microscope setup. In the
experimental geometry used herein, a pump laser was shined on one grating coupler and the light
scattered out of plane was collected from the cavity region, all using a 40x (NA 0.6) objective
lens. Figure 4.2a depicts the cavity spectrum measured from the nanobeam cavity considered in
the rest of this work. By fitting to a Lorentzian lineshape, the cavity has a resonant wavelength
808.2 nm and QO ~ 4,500. Next, the SHG response of the colossal QDs was collected by shining a
Ti:sapphire ultrafast pulsed pump laser (Spectra-Physics Tsunami HP) on an unpatterned section
of the chip. By comparing the pump laser spectrum, Figure 4.2b, and the collected colossal QD
SHG spectrum, Figure 4.2c, it is evident that there is a strong SHG response from the colossal
QD film as the SHG central wavelength, linewidth, and Gaussian profile are all consistent with
SHG pumped by the Ti:sapphire laser. Here, the average pump power was 30 mW as measured

in front of the objective lens.
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Figure 4.2 (a) Transmission spectrum of the nanobeam cavity as measured by shining the pump laser on a grating
coupler and measuring the scattered light from the top. The fundamental mode has a resonant wavelength of 808.2
nm and linewidth 0.18 nm as determined by fitting to a Lorentzian lineshape. (b) Spectrum of the ultrafast pump
laser centered at 808.7 nm with a Gaussian lineshape. (¢) SHG spectrum of uncoupled QDs with 30 mW pump
power centered at 404.4 nm. The central wavelength, linewidth, and Gaussian lineshape are consistent with SHG.

The cavity-coupled QD SHG was characterized using the same experimental geometry as
before by shining the Ti:sapphire pump laser on a grating coupler and collecting the cavity-
coupled QD SHG signal emitted out of plane. Figure 4.3a depicts a representative cavity-coupled

QD SHG spectrum. The spectrum shows both Gaussian and Lorentzian components as
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previously observed.?!® The Gaussian part is attributed to background uncoupled colossal QD
SHG, and the Lorentzian part is attributed to the actual cavity-coupled QD SHG. Fitting to the
Lorentzian component reveals the cavity mode is centered at 404.1 nm with a similar linewidth
to the fundamental mode, which is consistent with cavity-coupled SHG.?'* The power series of
the cavity-coupled QD SHG spectrum as a function of pump power is depicted in Figures 4.3b
and 4.3c. In Figure 4.3c, the integrated counts are calculated by integrating only the Lorentzian
part of each spectrum. The error bars were calculated according to one standard deviation error
in each of the fits. The integrated counts follow a quadratic dependence on the pump power, as

expected for a second-order nonlinear process.?!”
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Figure 4.3 (a) Representative QD-cavity SHG spectrum. The spectrum is fitted to the sum of Gaussian and
Lorentzian lineshapes to account for the background uncoupled SHG and cavity-coupled SHG, respectively. The
cavity mode is centered at 404.1 nm. The Lorentzian lineshape and central wavelength confirm this signal originates
from the fundamental cavity mode. (b) Plot of the QD-cavity SHG spectrum and fit with different intracavity
powers. (c) Power series of the QD-cavity SHG intensity versus intracavity power as measured by integrating the
Lorentzian portion of the spectral fitting at each pump power. Error bars were obtained from one standard deviation
error of each Lorentzian fit. The power series follows a quadratic trend.

To calculate the strength of cavity enhancement of the colossal QD SHG, an estimate of
the pump laser power coupled to the cavity was first calculated following a previously
established method.?!* The intracavity power, Pea, is calculated as:

Pow=P Xt,xgXf (4.1)
where P is the nominal pump laser power, #, is the coupling efficiency of the waveguide to the

cavity, g is the grating coupler efficiency, and fis the spectral overlap of the cavity mode and
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pump laser. From input-output relations, #, = 0.35, whereas FDTD simulations give g =0.11, and
the overlap integral /= 0.087. The cavity enhancement factor, £, is then given as:

Przef
— (4.2)
Pczav Iref

_ leay

where, respectively, l.., and .. are the integrated counts for the cavity-coupled QD SHG and
reference colossal QDs on an unpatterned section of the cavity chip, and Pcqy and Py are the
corresponding pump laser powers. By comparing the cavity-coupled QD SHG integrated counts
for a nominal pump laser power of 40 mW (Figure 4.3c, leav = 63, Peav = 132 pW) to that of the
uncoupled colossal QD SHG (Figure 4.2¢, I,er= 1070, Prer= 30 mW), the enhancement factor £
~ 3,040. This calculation assumes maximum experimental collection efficiency of the cavity-QD
SHG, so it is therefore a lower bound of the true enhancement factor.

CdSe/CdS colloidal colossal QDs were integrated with a SiN nanobeam cavity and
~3,040 times cavity-enhancement of the intrinsic colossal QD SHG was demonstrated. This is, to
the best of our knowledge, the first report of cavity-enhanced colloidal QD SHG from coupling
to a dielectric nanocavity, which is expected to be more scalable than plasmonic devices.
Furthermore, it has been demonstrated recently that colossal QDs can be deterministically
integrated with photonic devices.>® Future works could improve on this result by modifying both
the QDs and the cavity design. Varying the QD core size is expected to have a trivial
enhancement of the intrinsic QD SHG and other II-VI materials may offer stronger second-order
susceptibilities.?!®*® Doubly-resonant cavities covering the fundamental and SHG wavelengths
would further increase the cavity enhancement of the QD SHG.?!® This work is a step forward

for low-power on-chip nonlinear optics via integration of novel materials.
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Chapter 5 Near-Visible Topological Edge States in a Silicon Nitride

Platform

The following chapter is based on a work written primarily by myself.**°

Over the last two decades, topological photonics has emerged as an attractive platform to realize
exotic physical models. Photonic analogues to the integer, spin, and valley quantum Hall effects
as well as the Su-Schrieffer-Heeger model have all been demonstrated using arrays of ring
resonators 21?23, However, there are few demonstrations of such effects in photonic platforms
operating at (near) visible wavelengths, primarily because they are often based on silicon
photonics, which absorbs light of wavelengths below ~1000 nm. A few existing demonstrations
in the visible regime have mostly been limited to topological photonic crystals and arrays of
waveguides, which may not provide as versatile a platform as coupled ring resonators 2>+ 226,
Implementing topological photonics in the (near) visible regime is attractive for two reasons.
One, it is usually necessary to measure the spatial distribution of photons to fully characterize the
topological nature of the system. In the infrared, this is hampered by poor imaging technology. In
the (near) visible, one can employ silicon-based cameras with much higher resolution (larger
number and smaller size of pixels). Two, (near) visible wavelength operation opens access to a
large library of quantum emitters including two-dimensional semiconductors, colloidal
semiconductor quantum dots, and thermal atomic vapors that are compatible with nanophotonics
fabricated from CMOS-compatible materials >>*322’. Such emitters can extend the functionality
of topological photonics by introducing single photon sources, optical gain, and large

nonlinearities 2*2428:48.213.228 ' Thjs would push topological photonics in new directions by
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expanding access to non-Hermitian and nonlinear topological regimes 2>°2*!, Furthermore,

232.233 and infrared topological frequency

recent demonstrations of visible frequency combs
combs 2**235 highlights the potential of topological photonics for harnessing rich microcomb
physics in the (near) visible regime.

In this work, topological edge states at near-visible wavelengths were demonstrated in a
system consisting of a two-dimensional lattice of coupled silicon nitride (SiN) ring-resonators.
Like previous demonstrations, a photonic analogue to the integer quantum Hall (IQH)
Hamiltonian was implemented by introducing a synthetic magnetic field for photons that mimics
the effect of a uniform out-of-plane magnetic field on charged particles confined to a two-
dimensional lattice !>, Such a system in solid-state is expected to show edge states with
topological protection against disorder 2*”. Indeed, edge states were observed in the SiN ring-
resonator lattice that were robust over a broad spectral range and against fabrication disorder.
This system provides a powerful platform for further study of exotic materials systems as a
photonic analogue in the near-visible regime. Importantly, this wavelength regime could enable

low-power optical nonlinearity through integration of quantum emitters %23,
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Figure 5.1 (a) Schematic of a single plaquette where the site resonators and link resonators are
denoted in purple and orange, respectively. The black arrows trace the path of light launched from
the input waveguide and traveling clockwise around the lattice. A photon traveling in a complete
clockwise loop around the plaquette accumulates a phase shift 2za. Each column across the lattice
is increasingly horizontally translated by { such that the total path length difference gives a phase
shift of m/2. (b) Scanning electron micrograph (SEM) of an example 10x10 ring-resonator array.
Light is coupled to and from the lattice using waveguides coupled to four separate apodized grating
couplers. Inset: zoomed-in micrograph of an apodized grating coupler. The scale bars for the full-
size image and the inset are 100 um and 10 pm, respectively. (c) SEM of a site-ring situated in a
larger array. The scale bar is 10 um. (d) Schematic of the experimental set-up. A tunable laser
launches light into the chip, and the transmission spectrum is measured by a photoreceiver (PR).
The spatial distribution of photons is monitored by a 10x objective lens and visible camera. (e-f)
Transmission drop (e) and through (f) spectra for a single representative site resonator used in the
array.

The topological system in this work, depicted in Figure 5.1a, is a two-dimensional square
lattice of ring-resonators coupled to each other via an interspersed array of detuned “link-ring”
resonators. A carefully chosen shift in the position of certain link-rings introduces a position and
direction dependent optical path length difference, simulating the direction-dependent phase
produced by the magnetic field in the IQH model 22!:33%24° As a result, the photons in the lattice
of ring-resonators experience a synthetic magnetic field and obey the IQH tight-binding

Hamiltonian:
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H= Z Wo A a,, — Z]m’n (af.ane"i¢mn + ala,e*iomn) (5.1)

m mn
where a,' is the photon creation operator at site m = (mx, my), Jn.» is the hopping rate between
sites m, n, which has non-zero value for only nearest-neighbor sites in the lattice, and @y, is the
hopping phase between sites m, n such that a photon traveling in a complete loop around a
plaquette experiences a direction-dependent phase shift ¢ = +n/2.

The resulting spectrum consists of two edge bands separated by a bulk band. Each edge
band has a set of topological edge states, confined to the edge of the lattice and propagating
either clockwise (CW) or counterclockwise (CCW) around the lattice, depending on the band.
Given that time-reversal symmetry is unbroken in the lattice, the lattice itself would simulate the
quantum spin Hall Hamiltonian with the edge state propagation direction acting as a pseudospin
degree of freedom. In practice, however, only one pseudospin is excited at a time, which results
in pseudo time-reversal symmetry breaking so this lattice simulates the IQH Hamiltonian.
Furthermore, these edge modes exhibit a linear dispersion relation in contrast with the modes of
the bulk band, which are not spatially confined and do not have a well-defined momentum.

The two-dimensional lattices of coupled ring-resonators were designed for 220 nm thick
stoichiometric SiN on a Si02/Si substrate without any top cladding. The waveguide width was
set to 600 nm such that the waveguides confine only a single transverse-electric mode at the
target near-visible wavelength of 780 nm. This operating wavelength was chosen due to the
lasers available and can be readily extended to the visible spectrum. The resonators were
implemented in a racetrack geometry wherein coupling between adjacent resonators occurs over
straight sections and the 90° bends occur at the corners. This geometry was chosen to ensure
strong optical mode overlap between neighboring resonators. For the lattice in this work, the

coupling length, coupling gap, and bending radius were chosen to be 12 um, 175 nm, and 12 pm,
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respectively. Light was coupled to and from the chip using fully etched apodized grating
couplers, which were designed to maximize the coupling efficiency while minimizing
backscattering®*!.

The pattern was transferred to the SiN using electron-beam lithography with ZEP520A
positive-tone resist in conjunction with a low-pressure, low gas flow rate, fluorine-based plasma
etch recipe designed to minimize sidewall roughness. All components of the devices, including
grating couplers, were fully etched in the same step. Figure 5.1b depicts a scanning electron
micrograph of an example 10x10 lattice. Light was coupled to and from the lattice via a pair of
waveguides in an add-drop configuration that allowed for complete spectral characterization. On
the same chip, a single site resonator associated with each two-dimensional lattice was also
fabricated to characterize the component site-ring resonators, as depicted in Figure 5.1c.

To characterize the ring-resonator lattice, an array of optical fibers was utilized in
conjunction with a tunable-wavelength laser (New Focus TLB-6712-P) and photoreceiver (New
Focus 2051-FS) (Figure 5.1d). This enabled measurement of the transmission spectra in both
CW and CCW input configurations without altering the alignment of the chip relative to the
excitation and collection pathways. In parallel, the intensity distribution of photons in the lattice
was measured by monitoring scattering losses in the waveguides and ring-resonators on a CMOS
camera (Allied Vision Prosilica GT 1930; 1936x1216 pixels) with a 10x (NA 0.28) objective
lens. This experimental scheme was first used to characterize the extrinsic waveguide-resonator
coupling rate and the intrinsic resonator decay rate for a single resonator J= 52 GHz and x;, =~ 9.4
GHz, respectively (Figures 5.1e and 5.1f). From these measurements, the intrinsic quality-factor

is estimated to be Q =~ 40,000.
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Figure 5.2a depicts the transmission spectrum for the 8x8 ring-resonator lattice with CW
site-ring input. The spectral ranges highlighted in purple and orange correspond to short and long
edge states, respectively. These are evident in the intensity distribution of light scattered in the
lattice (Figures 2b and 2c). Here, the short and long edge states are defined relative to the
placements of the input waveguides and correspond to CW and CCW propagation around the
lattice, respectively. The edge states propagate starting from the input waveguide at the top of the
lattice and couple to the output waveguide at the bottom, which extinguishes the edge state. Two
transmission peaks corresponding to two edge states are split by approximately 2J as expected
for this system 237, The short edge state has a higher transmission efficiency compared to the
long one due to the shorter propagation distance hence less loss. Each of these edge states are
well-confined to the edges, and the long edge state tightly routes around each corner owing to

topologically protected transport.
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Figure 5.2 (a) Measured transmission spectrum of the 8x8 ring-resonator array with CW input. The purple and
orange regions highlight the approximate spectral regions of the short and long edge states, respectively. (b, ¢)
Optical images of the spatial distribution of light scattered in the lattice at 777.720 nm (b) and 777.961 nm (c). Here,
the short and long edges are defined with respect to the location of the input waveguide. (b-¢) The white arrows
indicate the locations of the inputs.

These measurements were repeated for the same spectral range but instead with CCW
site-ring input. This corresponds to pumping the lattice with light of an opposite pseudo-spin.
Since the synthetic magnetic field in this photonic system does not break time-reversal
symmetry, this reverses the behavior as compared to CW site-ring input. This is evident in the
transmission spectrum depicted in Figure 5.3a wherein the purple and orange highlighted regions

still correspond to short and long edge states, respectively, but the spectral locations of each edge
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state are flipped relative to the central bulk state peak. The light again tightly routes around each
corner and remains close to the edges (Figures 5.3b and 5.3¢). In each case, some light leaks into
the bulk owing to scattering at the lattice corners and fabrication imperfections such as sidewall
roughness and variation in the waveguide width or gap. This is in line with experimental and
theoretical results in previous works 2>1>3¢, Fabrication imperfections are furthermore
responsible for the discrepancy in localizations between CW and CCW site-ring inputs, since
under time-reversal symmetry it is expected that the photon distributions should be identical.
However, we emphasize that the topological edge states still demonstrate remarkable
confinement as compared to true bulk states: for both input directions, each of the edge states
maintains a similarity of its intensity distribution over a much broader bandwidth as compared to

the bulk state.
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Figure 5.3 (a) Measured transmission spectrum of the 8x8 ring-resonator array with CCW input. The orange and
purple regions highlight the approximate spectral regions of the long and short edge states, respectively. (b, ¢)
Optical images of the spatial distribution of light scattered in the lattice at 777.739 nm (b) and 777.982 nm (c). (b-c)
The white arrows indicate the locations of the inputs.

Additionally, an otherwise identical 8x8 ring-resonator array with an intentionally
removed site resonator was fabricated on the same chip (Figure 5.4a). This is an extreme case of
disorder and serves to illustrate the effect of topological protection in the edge states. Light was
coupled into the ring-resonator lattice with CW site-ring input at the short edge band and tightly
routed around the missing resonator with minimal scattering into the bulk over a bandwidth of

~71 pm (35 GHz) (Figures 5.4b-d). The bandwidth was established by monitoring the lattice
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while tuning the input laser wavelength and noting the extreme wavelengths where the
topological protection failed. This bandwidth is comparable with the unperturbed short edge
band with CW site-ring input in Figure 5.2 and further confirms that the edge states in this

system enjoy topological protection against disorder.
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0.0

Figure 5.4 (a) Scanning electron micrograph of the 8x8 ring-resonator array with an intentionally removed site
resonator. The white arrow indicates the location of the missing resonator. The scale bar is 100 um. (b-d) Optical
images of the spatial distribution of light scattered in the lattice at 777.643 nm (b), 777.677 nm (c), and 777.714 nm
(d). The light in the short edge state tightly rounds around the defect with minimal scattering into the bulk. (b-d) The
white arrows indicate the locations of the inputs.

Topological edge states at near-visible wavelengths were demonstrated in a two-
dimensional lattice of coupled SiN ring-resonators. This platform leveraged near-visible regime
imaging technology to capture high-resolution images of the distribution of scattered light in the
system, illustrating the imaging advantage of the near-visible regime. If the scattered light is
coherent, one could use high-resolution (near) visible regime imaging to obtain the phase
information of the photonic states in each resonator. This could enable phase measurements of
the topological states, which have so far been elusive in any platform. It is expected that
fabrication disorder will mar the global topological order, an effect compounded by the shorter
length of near-visible photonics as compared to infrared 2*2. Therefore, process control is critical
to achieve visible topological edge states in experiments, for which we developed high-quality
SiN e-beam lithography and etching processes. Moreover, extension of topological photonics

into near-visible wavelengths can enable visible wavelength topological frequency combs and
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paves the way for studies of many-body systems mimicked by topological photonics coupled to
visible wavelength emitters. In particular, this latter effort could benefit greatly from recent

advances in deterministic positioning of colloidal emitters >,
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Chapter 6 Outlook

To conclude, this thesis covered the heterogeneous integration of colloidal QDs with photonic
devices including scalable deterministic positioning techniques, on-chip nanolasers and second-
harmonic generation, and near-infrared topological photonics. Some opportunities inspired by
this thesis:
e Further experiments on cavity integration of colloidal QDs with different kinds of
cavities. For example, bound state in the continuum (BIC) cavities are exceptionally
high-Q metasurface-type cavities that have proven to enable low-power nonlinear

242 plus spectral and angular filtering.>** These cavities use tunable symmetry

optics
breaking to controllably enable coupling of a previously dark mode to free space, giving
fine control of the cavity Q-factor.>** BIC cavities have remained unexplored for
coupling single colloidal QDs for cavity-enhanced single photon emitters. Inverse-
designed, topologically optimized cavities with ultrahigh confinement are also promising
for colloidal QD coupling,?* and single QD coupling plus Purcell enhancement should
be explored. This effort would especially benefit from high-precision EHDIJ printing of
single colloidal QDs.

e Colloidal QD integration with visible-wavelength topological photonics. The majority of
topological photonics demonstrations focus on purely linear topological Hamiltonians
such as the integer quantum Hall effect.??! However, integrating gain material has been
shown to enable exploration of nonlinear Hamiltonians such as the fractional quantum
Hall effect.??*?3% Again, deterministic positioning to place colloidal QDs would be useful

to integrate gain material only on select resonator sites to match the appropriate

Hamiltonian and minimize extra losses.
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