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Abstract

This thesis explores three projects involving the interaction of incident light with
nanocrystals: absorption enhancement in patterned quantum dot solids (pQDS),
time dynamics of plasmonic nanorod assemblies, and the usage of luminescent solar
concentrators (LSCs) to enhance upconversion. First, the effect of nanostructure
shape on the absorption in pQDS is studied, and then these structures are integrated
with plasmonic nanorings and bullseyes to enhance both absorption and photolumi-
nescence (PL). In the next chapter, the time-dependent optical properties of a gold
nanorod assembly is modeled following ultrafast laser illumination, accounting for
both changes in the electron density and the nanostructure geometry. Finally, Monte
Carlo modeling is used to study the effect of LSCs and mirrors on the absorption and

upconverted PL from a hydrogel containing the upconverting donor/acceptor pair

PtOEP /DPAS.
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Chapter 1

Introduction

1.1 Plasmonics

The field of plasmonics examines the interaction between metallic nanostructures and light
at the nanoscale and has found widespread application in areas ranging from sensing to
optoelectronics. [1-5] Surface plasmons are the collective oscillation of conduction band
electrons at a metal-dielectric interface. [1, 2, 5, 6] These oscillations arise from the coupling
of the conduction band electrons to incident light and the restoring force from the coulombic
attraction between the conduction band electrons and nuclei of the nanostructure. There
are two types of surface plasmons: surface plasmon polaritons (SPPs) and localized surface
plasmon resonances (LSPRs). SPPs form when incident light couples to the metal-dielectric
surface via nanostructures or gratings that overcome the momentum mismatch. [3, 7] LSPRs
can be directly excited due to the confinement of the conduction band electrons to the small
nanoparticle volume, resulting in a resonance response across the entire nanoparticle, and
they are of interest in this work. [2, 6] These LSPR oscillations form strongly enhanced
electromagnetic fields around the nanostructure that can be used to enhance absorption
and photoluminescence (PL) of nearby emitters. An example of a LSPR is shown in Figure

1.1
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Figure 1.1: Schematic of a localized surface plasmon in a metal nanosphere. Adapted
from [§]

This enhanced electromagnetic field is due to the polarizability of the nanostructure.
Consider the simplest case in the quasi-static approximation: a nanosphere whose diameter
is smaller than the wavelength of incident light. In this limit, the entire nanosphere
experiences a uniform electromagnetic field. The polarizability of a spherical particle («) is
a function of the radius (r) and complex dielectric permittivity of the particle (g) as well
as the complex dielectric permittivity of the surrounding environment (e1). [1, 2, 5]

35_51

1.1
€+ 2¢e1 (1.1)

o = 4nr

The polarizability affects the scattering cross section (Cseqt), the absorption cross section
(Caps), and the extinction cross section (Ceyy) in this limit, where k is the wavenumber of

the incident light. [1, 5, 6]
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From these equations, it is apparent that the size, shape, composition, and environment of
the nanoparticle all affect its polarizability and thus its optical cross sections. [1, 2, 6, 7, 9]

Furthermore, the maximum optical cross section of the plasmonic nanostructures occurs at



its resonance wavelength when €+ 2¢; is minimized. By matching the resonance wavelength
to the absorption or PL wavelength, the maximum enhancement can be achieved. [1, 2,
5, 6] However, these equations are general and apply to all materials, not just plasmonic
materials.

There are a variety of materials used to create plasmonic nanostructures. Noble metals,
including gold and silver, are widely used as plasmonic materials due to their low losses,
strong resonances, high reflectance across much of the visible range, and resistance to
corrosion and oxidation. [6, 10] Aluminum is another plasmonic material used due to
its higher reflectivity across the visible range and its natural abundance compared to
gold and silver. [11] Some plasmonic ceramic materials, including titanium nitride and
zirconium nitride, have been studied for plasmonic applications due to their chemical

stability, mechanical strength, and durability compared to the noble metals. [12]

1.2 Quantum Dots

Quantum dots (QDs) have unique optical properties compared to their bulk counterparts
due to their small size. QDs have radii less than the exciton Bohr radius of the material,
which results in quantum confinement. This changes the band structure of the material from
continuous bands in bulk material to discrete band states in QDs. [13-16] A schematic of the
band structure for varying QD sizes compared to the bulk material is shown in Figure 1.2(a).
As the size decreases, the separation between the lowest discrete state of the conduction
band and the highest discrete state of the valence band increases, leading to a larger bandgap
and bluer PL. An assortment of QD sizes in solution are shown in Figure 1.2(b).

In addition to the narrow, tunable PL, many QDs have high quantum yields. When a
QD absorbs light, it excites a bound electron-hole pair, or exciton. [17] The quantum yield

(QY) is the number of photons emitted relative to the number of photons absorbed by the
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Figure 1.2: Illustration of the size dependent PL wavelength due to quantum
confinement. (a) Schematic illustrating the band structure for varying quantum dot
sizes compared to bulk. (b) Color image of a range of quantum dot sides excited with
an ultraviolet lamp.

—

QD. It can be defined as:
k.

Y=
= e

(1.3)

where k, is the radiative recombination rate and k,,, is the non-radiative recombination rate
of the exciton. [15, 17, 18] For near unity quantum yield, k, should be much larger than
Ekpnr, meaning most of the photons absorbed are reemitted. [17, 19] Many have reported
quantum yields of at least 70% with some reports of near unity quantum yield. [20-22] The
quantum yield of QDs can be further improved through the addition of a passivating shell
layer. [23-26] However, there are many non-radiative decay pathways for recombination
to occur, limiting the QY. These including impurities and surface states in the QDs that
create additional energy levels in the band gap. These levels act as trap states, allowing
the excited exciton to step down in multiple steps instead of relaxing in a single PL step.
[17, 18, 27, 28] In this work, both CdSxSej_x/ZnS core/shell QDs (QDs) purchased from

Cytodiagnostics and CdSe/CdS core/shell QDs (QDs) synthesized by Dr. Dana Dement



are used.
Another important optical property related to the recombination rates is the fluorescence
lifetime, 7. [15, 18, 27, 28] This lifetime measures the average time an exciton is in the

excited state. It can be defined as:

1

T .

where k, is the radiative recombination rate and k,,, is the non-radiative recombination rate
of the exciton.

Luminescent solar concentrators (LSC) are examined in a later chapter of this thesis.
LSCs convert diffuse solar irradiation into a spectrally narrow and directionally emitted
PL. [29-34] LSCs can be integrated into building architectures as either semi-transparent
or opaque concentrators. [35, 36] LSCs typically consist of a transparent polymer matrix
with an embedded luminophore. With high quantum yield and highly tunable optical
properties, QDs are commonly chosen as the luminophore. [29, 30, 37-41]. Sunlight is
absorbed by the luminophore, emitted, and propagated toward the edge via total internal
reflection until it reaches an edge-mounted solar cell. [42] LSCs, therefore, reduce the need

for large solar cells by acting as diffuse light concentrators. [43]

1.3 Thesis Outline

Chapter 2 studies absorption in patterned QD solids. The first section explores methods to
create patterned QD solids on glass slides and characterizes the optical properties of these
solids. Then the effect of pattern shape on the absorption of the QD solid is examined.
The patterned QD solids are then integrated with plasmonic rings and bullseyes to enhance

absorption and PL.



Chapter 3 explores the optical response of gold nanorod assemblies upon absorption of
an ultrafast laser pulse. The first section investigates changes in the size and electron density
and the ensuing effect on the extinction cross section for Au nanospheres and Au nanorods.
The second section uses finite element modeling to simulate the structural response of
Au nanorods on a silicon nitride substrate while accounting for substrate interactions and
neighboring nanorod interactions.

Chapter 4 compares various light management devices to increase the absorption and
upconverted PL from an air-tolerant upconverting hydrogel. Luminescent solar concentra-
tors are used to spectrally concentrate the incident light, and specular and diffuse mirrors
are used to increase the absorption path length. Upconverted PL enhancement out of
the hydrogel is further complicated due to the spectral overlap between the upconverted
PL and absorption within the luminescent solar concentrator, resulting in a reduction in

upconverted PL due to reabsorption losses.



Chapter 2

Absorption Enhancement of
Patterned Quantum Dot Solids

using Nanoring Assemblies

2.1 Introduction

When QDs are placed in close proximity to one another, they interact with each other,
resulting in modified optical properties compared to isolated QDs. [44-48] The QDs can
interact with each other via dipole-dipole coupling, where an excited QD induces a dipole
moment in a neighboring QD, altering the transition energy of the QD, and resulting in a
narrowing of the band gap. [44, 47-49] Alternatively, overlapping electronic wave functions
between neighboring QDs results in a transition from discrete energy states to energy bands.
[46, 48]

Given that plasmonic nanostructures influence the radiative and non-radiative decay

rates of emitters, there has been significant research on the interactions between plasmonic



nanostructures and QDs. [1-5] Studies have examined the enhanced PL from both single QD
emitters [6, 50-53] as well as continuous QD films, [54-57] but each has its own limitations.
With a single emitter, high spatial control allows the placement of the emitter at the peak
of the electromagnetic field enhancement, but having only one emitter limits the intensity
of PL available for detection. Any misalignment between the plasmonic hot spot and the
single emitter location leads to a reduction in the electromagnetic field enhancement of the
single emitter. Moreover, emitters in a high intensity electromagnetic field environment
over an extended period of time can change their PL properties. Such changes include
photobleaching (dyes) and blueshifting of the absorption and PL (QDs), as well as modified
radiative decay behavior. [58-61] On the other hand, a continuous film has many more
emitters, but the average PL response is weaker because the majority of the emitters
experience little electromagnetic field enhancement. By using patterned structures of QD
solids, the minimal amount of QDs can be used to maximize the average electromagnetic
field enhancement experienced throughout the QD solid. [62]

It is desirable to have strong electromagnetic field enhancement throughout the QD
solid. One plasmonic nanostructure that can provide large area electromagnetic field
enhancement is the nanoring. Nanorings have been made using a variety of techniques,
including colloidal lithography, chemical synthesis, nanoimprinting, and electron beam
lithography, and with a wide range of diameters from 100 nm to 10 pgm. [10, 58, 63-65] The
composition, diameter, and thickness of the nanoring affect the plasmonic resonance and
the resulting electromagnetic field profile. It is important to note that imperfections in the
fabrication of nanorings can significantly shift the resonances and the electromagnetic field
intensities. [66]

With nanoring assemblies, the local electromagnetic field profile is more complex. For
example, with a combination of a nanodisk and nanoring, the additional coupling between

the dipolar mode of the nanodisk to the higher order modes of the nanoring opens up the



previously dark modes to be dipole active. [58, 63, 67-69] This Fano resonance provides
another way to interact with emitters in the visible regime for PL. enhancement. Varying
the center positions of the nanodisk and nanoring results in an asymmetric electromagnetic
field profile within the assembly. [58, 69] Concentric nanoring assemblies enable coupling
between adjacent nanorings leads to stronger electromagnetic field enhancement near the
assembly. [63, 70-73] With concentric nanorings, there is increased tunability compared
to a single nanoring using the variation in the gap size between the concentric nanorings.
The coupling between the nanorings focuses light towards the center, where the emitter is
placed for strong directional PL enhancement. [71, 73]

In this work, the goal is to increase the absorption enhancement within patterned QD
solids using the electromagnetic field enhancement from nanoring assemblies. With a robust
method to precisely place patterned QD solids, the absorption properties of the QD solid are
simulated to understand the shape dependence of absorption compared to a continuous film.
The electromagnetic field enhancement from nanoring assemblies is also examined to better
understand how the coupling within the nanoring and between adjacent nanorings affects the
resulting large area electromagnetic field enhancement. Finally, simulations combining the
patterned QD solids and nanoring assemblies are conducted to explore the total absorption
enhancement within the patterned QD solids in these large area electromagnetic field

enhanced regions.

2.2 Methods

2.2.1 Fluorescence Lifetime Imaging Microscopy

To characterize the PL from the QDs, a fluorescence lifetime imaging microscopy setup is

built. Shown in Figure 2.1, the setup couples a PicoQuant 405 nm pulsed laser diode into
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Figure 2.1: Schematic of the home-built laser setup for PL and fluorescence lifetime
measurements.

the side port of the Zeiss AxioObserver D1m inverted microscope. For other excitation
wavelengths, the EXW-6 SuperK Extreme supercontinuum laser with the acousto-optic
tunable filter can be used. Collimating lenses are used to clean up the laser beam before
a variable beam expander is used to adjust the laser beam spot size. A ND filter wheel is
used to modify the intensity of the laser light used to excite the sample. Using a custom-
designed, home-built mirror mount, the laser light is reflected through the microscope and
reflected towards the sample using a 405 nm longpass beam splitter. A two-stage setup
from Mad City Labs is used to allow for manual positioning with micrometers along with
a piezo-controlled nanopositioning stage for high spatial positioning of the laser excitation
on the sample. The resulting PL is collected by the objectives and reflected off the imaging

beam path switcher. For PL measurements, the PL is sent towards the aberration-corrected
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and stigmatism-free Isoplane 160 spectrometer and PIXIS:400B digital CCD Camera from
Princeton Instruments, which collects PL data using Lightfield software from Princeton
Instruments. For color images, a removable AxioCam records images using the Zen imaging
software from Zeiss. For fluorescence lifetime measurements, the AxioCam is removed and
the PL is focused onto a single photon avalanche diode (SPAD) from MicroPhoton Devices.
The SPAD, along with a PicoHarp 300 electronics box and PicoHarp software, is used to
collect lifetime data. To allow for a more user-friendly interface, Labview software is used
to control the nanopositioning stage, CCD camera, and SPAD for spatially resolved PL and
fluorescence lifetime measurements.

To analyze the PL measurements, the PL spectrum is fitted with a Gaussian function
to determine the peak wavelength and full width at half max. To analyze the fluorescence

lifetime histogram, a stretched exponential model is fit to the fluorescence lifetime:
+\7?
Fit = Aexp <—> + Bkgd (2.1)
T

where A is the amplitude, Bkgd is the background, 7 is the fluorescence lifetime, S5 is the
stretching factor ranging from zero to one, representing the variation in lifetime among the

excited QDs due to QD size dispersity and environment. [19, 74]

2.2.2 Finite Difference Time Domain Method

Finite Difference Time Domain (FDTD) modeling is used to characterize the interactions

between the light and the nanostructures when the size of the nanostructures is on the order
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of the wavelength of the light. FDTD modeling solves Maxwell’s equations [5]:

v'ﬁzpext
V-B=0
~ 2.2)
. 9B (
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where D is the dielectric displacement, pe,: is the external charge density, B is the magnetic
flux density, E is the electric field, H is the magnetic field, and J..t is the external current
density.

In this thesis, the software package Lumerical FDTD Solutions is used. [75] This uses
a CAD software to define the nanostructures of interest using the inputs of geometry and
complex refractive index of each nanostructure. The complex refractive index is taken either
from literature [76] for the plasmonic metals in this work or measured using spectroscopic
ellipsometry. A light source and monitors are placed in the simulation space to record how
light interacts with the nanostructures. Finally, the mesh size and simulation boundaries
are defined before running the simulation.

The FDTD method is used to determine a number of optical properties within the
nanostructured system. It can be used to determine the scattering cross section, extinction
cross section, absorption, and electric field within nanostructure assemblies. Different light
sources and monitors are required to collect the necessary simulated data for post processing
in MATLAB.

To determine the scattering and extinction cross sections, a total-field scattered-field
(TFSF) light source and transmission monitors are used. Transmission monitors are placed
outside the TFSF light source to capture the scattered light off the nanostructure. Trans-

mission monitors are placed inside the TFSF light source but outside of the nanostructure
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to capture the absorbed light within the nanostructure. By dividing the sum of the power
transmitted through the transmission monitors by the intensity of the light source, the cross
sections can be determined. The extinction cross section is the sum of the scattering and
absorption cross sections.

To determine the absorption calculations, unpolarized plane wave light is used by
averaging the simulation results at each polarization. The absorption per unit volume,
Ay, at a position, 7, for an incident photon with angular frequency, w, can be determined
by taking the real portion of the divergence of the Poynting vector, P (7, w), which represents

the energy flux per unit area. [75]
S 1 5/
Ava(Fw) = —5R{V - P(Fw) | (2.3)
This can be simplified in terms of the electric field, E(F, w),
= _ 71 (= 2 1=
AVol(va) - ZW‘E(T’("J)‘ € (T’w) (24)

where " (7, w) is the imaginary component of the dielectric function. Thus, integrating over
the volume of the absorbing material results in the total absorption of incident light and

normalizing relative to the source power, Pg [77] gives

E’ — 2 1=
A(F, w) :/_”| (r’ﬁ; (@) gy (2.5)
1%

However one limitation of using the FDTD method is the rectangular mesh grid. This is
not a problem with rectangular shaped nanostructures as only minor changes to the lengths
will occur. For rounded objects like nanodisks, nanospheres, and nanorods, the curves are
approximated with a staircasing edge to more closely replicate the shape. However, this

can lead to sharper corners or antennas which can significantly change how light interacts
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with these structures. Smaller mesh sizes can be used to reduce this staircasing effect, but

this results in a much longer computational time.

2.3 Creating Patterned QD Solids

2.3.1 Amine Functionalization

One method to create patterned QD solids is through amine functionalization. [78, 79] This
chemistry is illustrated in Figure 2.2. To functionalize the glass slide, it is soaked overnight
in a 2% v/v solution of (3-Aminopropyl)triethoxysilane (APTES) in spectroscopic grade
isopropyl alcohol to create a self-assembled monolayer of primary amine groups on the slide.
Simultaneously, carboxyl-terminated ligand CdSxSej_x/ZnS core/shell QDs (QDs) from
Cytodiagnostics (Aemir= 630 + 5 nm) are reacted with 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDAC) in the presence of N-hydroxy-succinimide (NHS) in a 150:10:1 ratio of
EDAC:NHS:QD to change the carboxyl-terminated ligands into amide-terminated ligands.
Finally, the functionalized glass slide is submerged in the amide-terminated QD ligand
solution overnight for the amide and amine react to bind the QDs to the glass surface. The
slide is washed with deionized water after being removed from the QD solution to remove
any unbound QDs. However, the environment of the QDs has changed significantly from
the commercially purchased carboxyl-terminated ligands, to amine-terminated ligands, and
finally to being bound on the substrates.

It is important to observe the change in the fluorescence properties of the QDs upon
ligand exchange and substrate adhesion because the local environment affects the optical
properties of QDs. Figure 2.3(a) illustrates the PL spectra of the QDs in different
environments. The commercial carboxyl-terminated ligand QDs have an PL wavelength

maximum around 626 nm with a full width at half max (FWHM) of 34 nm. The amide-

14



NH

O O
o N
NH ubstrate ;} ubstrate

/ +
H
SN
H N CI_
Q
N I
Scs kL o)
o N ® "N HO 0 HN" N0
o-N
§ 0

5U BSEI’EIEE

Figure 2.2: Schematic illustrating the dialdehyde click chemistry used to bind
carboxyl-terminated QDs to a glass substrate. Adapted from [58].

terminated ligand QDs have little change in PL compared to the carboxyl-terminated ligand
QDs (Aemit~ 626 nm, FWHM = 33 nm). Upon binding to the substrate, the QDs show a
redshift to 633 nm and a slight broadening to a FWHM of 36 nm relative to the colloidal
counterparts. This redshift is expected with the closer proximity of the QDs when bound
to the substrate compared to the QDs in solution. Figure 2.3(b) illustrates the fluorescence
lifetime histograms of the QDs in different environments. The fluorescence lifetime of the
QDs in solution is around 7.6 ns with a beta value of 0.71 for the carboxyl-terminated
ligand QDs and 8.8 ns with a beta value of 0.74 for the amide-terminated ligand QDs.
Upon adhesion to the substrate, the fluorescence lifetime is 6.6 ns with a beta of 0.75.
The relatively constant beta value indicates that the polydispersity of the QDs did not
change significantly through the ligand exchange and substrate binding processes. The
slight increase in lifetime after ligand exchange is a promising sign of this ligand exchange
process. Since the ligand is not removed from the QD, there is no introduction of additional
surface defects on the QD from ligands being removed and replaced on the QD. On the

contrary, the larger decrease in lifetime upon substrate binding can be attributed to the
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Figure 2.3: (a) PL spectra and (b) fluorescence lifetime histograms comparing
carboxyl-terminated QDs in solution, amide-terminated QDs in solution, and QDs
bound to the substrate.

closer proximity of the QDs in the solid state. Instead of being isolated to the excited
QD, the exciton can transfer to adjacent QDs with more defects where they can be lost
nonradiatively. The increase in nonradiatively decay results in a decrease in the measured
lifetime.

This amine functionalization method results in the nonspecific binding of QDs to the
glass substrate. However, to create targeted QD binding on glass, a substrate masking
technique is required. The masking technique needs to use an inert material so that it can
be integrated into the amine functionalization method described previously without causing
additional chemical reactions with the different QDs, ligands, and solvents.

Electron beam (e-beam) lithography has been used to created the targeted QD patterned
shapes and sizes. [58] This is illustrated in Figure 2.4. Briefly, the glass substrate is
prepared using a three step cleaning process to remove dust and other contaminants before

QD adhesion. First, the substrate is sonicated in acetone, isopropyl alcohol (IPA), and
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Figure 2.4: Schematic illustrating the use of electron beam lithography to create
targeted QD patterns in conjunction with the amine functionalization method.

spectroscopic grade methanol in succession to remove larger particulates. Then, plasma
cleaning is used to remove any residual solvent from the sonication. Finally, a 30 minute
piranha etch, consisting of a 3:1 v/v solution of 98% sulfuric acid and 30% hydrogen
peroxide, is used to fully remove any residual organic material on the substrate. After
cleaning, a thin resist layer of PMMA is spincoated onto the substrate followed by the
deposition of a sacrificial gold layer for e-beam alignment. Following the e-beam exposure
to pattern the desired shapes and sizes, the substrate is developed in a 3:1 TPA:Hs0O
solution to remove the e-beam exposed PMMA from the unexposed PMMA. The substrate
is then dried before being submerged in the APTES solution. This functionalizes both the
unexposed PMMA resist and the patterned glass substrate with primary amine groups.
The functionalized sample is placed in the amide-terminated QD ligand solution to allow
for binding of the QDs to the PMMA and substrate. Finally, the unexposed, functionalized
PMMA resist is removed through a two hour soak in spectroscopic grade acetone, leaving
only the desired regions of patterned QDs. With this masking process, the desired patterned
QD solids are created.

Using this combination of e-beam lithography and amine functionalization techniques,
patterned QD solids are created. An example of various triangle patterned QD solids is
illustrated in Figure 2.5. The color image shows the PL from these patterned QD solids
upon excitation with a 405 nm pulsed laser. The other images show the PL and fluorescence

lifetime maps taken with the FLIM setup (described in Section 2.2.1 on page 9) with a step
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Figure 2.5: Example of patterned QD solids on a glass substrate. Fluorescence image
of the patterned QD solids as well as PL and fluorescence lifetime maps measured
using the home-built fluorescence lifetime imaging microscopy setup.

size of 3 um between each measurement. All of the maps show clear separation between
adjacent patterned QD solid shapes with regions of low intensity counts separating regions
of high intensity counts corresponding to where the QDs are bound to the substrate. Across
the majority of these patterned triangles, the PL and fluorescence lifetimes properties are
pretty constant. There are some more deviations along the edges of the patterned QDs
where the measured intensities are lower than the middle of the patterned QDs. Since the
same exposure time is used to record the measurements at each position, fewer photons
are collected along the edges of the patterned QD solids, so the fitted parameters shown
in Figure 2.5 are more suspect. Nonetheless, this illustrates the ability to create patterned
QD solids and characterize them with the FLIM setup.

However, this technique has complications. One limitation of this patterning process
arises from the high reactivity of APTES with water. [80] Under prolonged exposure to
water in the atmosphere, the APTES in solution aggregates. This aggregation limits the

ability of the amide-terminated ligand QDs to bind to the substrate. Furthermore, due to
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the successive submersion of the substrate in the APTES solution followed by the amide-
terminated ligand QD solution, some of the loosely bound APTES molecules can enter
the QD solution, binding multiple QDs into a larger QD aggregate. These larger QD
aggregates are not able to enter the smaller patterned regions within the PMMA to bind
to the substrate, reducing the efficacy of QD adhesion to the substrate. To minimize this
problem, the amide-terminated ligand solutions are used only once, which makes this a more
wasteful method. Furthermore, with the smaller patterned regions outlined by the PMMA,
the high aspect ratio of the PMMA height to the width of the patterned region hinders
the transport of QDs to the substrate to be bound. A lower limit of a 100 nm diameter
nanodisk is found with this patterning technique. It is possible that further reduction in
the patterning size can be achieved with a thinner PMMA resist layer. By reducing the
aspect ratio of the patterned PMMA region, it is easier for the QDs in solution to reach the
glass substrate to be bound during the allotted time while the substrate is immersed in the
QD solution.

Another limitation of this patterning process arises from the incomplete liftoff of
unexposed PMMA after the acetone soak. Figure 2.6 shows the fluorescence image excited
with the 405 nm laser and the dark field image of scattered white light. It is apparent not
all of the unexposed PMMA lifts off cleanly with the acetone wash. This is more apparent
in the arrays of varying disk sizes where only some of the disks are clearly defined whereas
most of the larger triangle and rectangle shapes are clearly imaged. Further work is needed
to consistently lift off the unexposed PMMA so only the desired patterned QD solids remain

on the substrate.
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Figure 2.6: Fluorescence and dark field images of patterned QD solid arrays of various
sized disks, triangles, and rectangles after acetone liftoff.

2.3.2 Simulated Scattering Cross Section and Absorption in

Patterned QD Solids

Recent work by Dr. Dana Dement uses a direct write electron beam lithography as an
alternative method to precisely place and define nanoscale patterns of QDs. [81] In this
technique, the QDs are used as the resist material, such that exposure to an electron beam
cross-links the ligands. Rinsing with the original solvent removes the unexposed regions.
This technique creates robust, nanoscale patterns with feature sizes as small as 30 nm.
Aligned writes can also be performed to create more complex designs that incorporate
metallic nanostructures or multiple layers of QDs.

These nanocrystal solids are comprised of both the individual QDs and the shape defined
by the electron beam exposure. Three nanostructure shapes are simulated to examine the
changes in the scattering cross section of these QD nanostructures with varying size and inci-

dent wavelength. Figure 2.7 shows the scattering cross section normalized by the geometric
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Figure 2.7: Simulated scattering cross section of 130 nm tall patterned QDs of squares,
disks, and triangles. The characteristic length is the side length of the square and
triangle and the diameter of the disk. Adapted from [81].

cross section of the three different nanostructure shapes at varying characteristic lengths.
The complex refractive index used to simulate the QD nanostructures is the experimentally
measured complex refractive index determined from spectroscopic ellipsometry. [81] The
characteristic length is the side length for the square and triangle nanostructures and the
diameter for the disk nanostructures. The simulated scattering cross section modes redshift
with increasing characteristic length. Moreover, the scattering cross section is largest where
the QDs absorb (A < 600 nm), but is still present at longer wavelengths. Focusing on
the high scattering cross section band at the lower characteristic length, it is apparent the
slope of this band is steepest for the triangle nanostructures and shallowest for the square
nanostructures. This indicates that, for a fixed characteristic length, a longer wavelength
can resonate within the square compared to the disk, whereas a shorter wavelength resonates
within the triangle. This shape and size dependence indicates the resonant modes observed
are likely the Mie resonance modes for these QD nanostructures.

To gain further insight into how the shape affects the optical properties of the QD

nanostructures, the fraction of incident light absorbed within the nanostructures is com-
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Figure 2.8: Simulated absorption and electric field profiles in 130 nm tall patterned
QDs of squares, disks, and triangles at 404 nm. (a) Comparison of the fraction of
light absorbed in the patterned QD solid (solid line) versus an equivalent volume
region of a QD film (dashed line). Electric field intensity cross sections of (b) select
patterned QD square nanostructures and (c) select patterned QD disks and QD
triangle nanostructures. The black dashed lines outline the edges of the patterned
QD solids. Adapted from [81].

pared to the absorption in an equivalent volume region determined from simulations of a
continuous QD film in Figure 2.8(a). For all three shapes, the fraction of light absorbed
in the nanostructure exceeds the fraction of light absorbed in an equivalent volume region
of a continuous QD film. This increase in absorption in the QD nanostructure due to the
effect of the shape of the nanostructure can be explained again by the Mie resonance modes
generated within the patterned nanostructures described previously. For the continuous
film, the electric field intensity only varies in the direction of light propagation, which,
for these simulations, is along the axis of the nanostructures. The average electric field
intensity within the QD nanostructure is higher than the average electric field intensity

in an equivalent volume region of a continuous QD film. Since the absorption is directly
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proportional to the electric field intensity (Equation 2.3 on page 13), there is more absorption
in the QD nanostructures.

Finally, the Mie resonance modes in the nanostructures are visualized with cross sections
of the electric field intensity profiles. Figure 2.8(b) illustrates selected electric field intensity
cross sections of square nanostructures. By tuning the size and wavelength of incident light,
different modes can be excited within the QD square nanostructure, as illustrated in the
electric field intensity cross sections. These different modes are dictated by the size of the
nanostructures and the wavelength of incident light. Figure 2.8(c) illustrates a few select
modes within the QD disk and triangle nanostructures. Looking at the modes within various
shapes illustrates the role the nanostructure has on the optical properties. The higher
electric field intensities can be localized to the edges or corners of the nanostructure or in
the center of the nanostructures. This localization can be used for further QD nanostructure

design for enhanced absorption and PL applications.

2.4 Simulated Electric Field Enhancement within

QD Solids using Plasmonic Nanorings

With this robust method to create patterned QD solids and a better understanding of
the optical properties of individual QD nanostructures, the next step is to integrate
plasmonic nanostructures to further increase the absorption enhancement. Upon addition
of plasmonic nanorings around the patterned QD nanostructures, the electromagnetic field
profile is further convoluted with the resonances due to the structure and composition of
the nanorings. Thus, a thorough investigation into the nanoring structure and composition
is required to understand how they can be used to increase absorption within the patterned

QD nanostructure.
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Figure 2.9: Absorption enhancement at 405 nm within a 800 nm diameter patterned
QD nanodisk due to the presence of gold nanoring pieces.

Figure 2.9 illustrates the absorption enhancement within a patterned QD nanodisk due
to the presence of the Au nanoring. Different nanorings that contain different numbers
of breaks are examined. Compared to the absorption of only the patterned QD nanodisk,
the continuous Au nanoring leads to an absorption enhancement factor of 1.18. With
more breaks in the nanoring, the absorption enhancement decreases to 1.10 with six
breaks. Though the full nanoring provides the largest absorption enhancement factor when
considering the entire patterned QD nanodisk, breaks in the nanoring can be used to localize
higher electric field intensities within the nanoring structure that can be used in conjunction
with smaller patterned QD structures for enhanced absorption and PL.

One important consideration is the composition of the nanoring. Figure 2.10 shows

the absorption enhancement within the patterned QD nanodisk with varying nanoring
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Figure 2.10: Absorption enhancement at 405 nm within a 800 nm diameter patterned
QD nanodisk with varying nanoring composition. (a) Cross section of the absorption
enhancement through the middle of the nanodisk in different nanoring environments.
(b) Diameter cross section of the corresponding nanoring variations in (a).

composition. The same size nanoring and patterned QD nanodisk are examined. The
alumina nanoring shows the lowest absorption enhancement factor of 0.97 within the
patterned QD nanodisk since alumina is not plasmonic. Moreover, variations in the absorp-
tion enhancement across the patterned QD nanodisk are relatively small. The aluminum
nanoring provides the largest absorption enhancement factor of 1.32 along with the largest
variation in the absorption enhancement across the patterned QD nanodisk. Upon inclusion
of the alumina oxide layer on the aluminum nanoring, the absorption enhancement factor
decreases slightly to 1.29 due to the passivation of the exposed aluminum nanoring. The
silver nanoring provides an absorption enhancement factor of 1.27, slightly lower than the
aluminum nanoring case as noted by the lower absorption enhancement in the annulus
region approximately 250 nm from the center of the patterned QD nanodisk. However, the
middle of the patterned QD nanodisk does not have as significant of a drop in absorption
as the aluminum nanoring system. All of these plasmonic metals show larger absorption

enhancement than the gold nanoring. Among all of the plasmonic materials examined,
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Figure 2.11: Variation in gold nanoring thickness with a fixed 100 nm gap size between
the 800 nm diameter patterned QD nanodisk and the gold nanoring thickness. (a)
Electric field intensity within the gold nanoring with and without the patterned QD
nanodisk. The electric field intensity of only the patterned QD nanodisk is shown
below for reference. (b) Absorption enhancement within the patterned QD nanodisk
due to the presence of the gold nanoring with various thicknesses.

gold has a more uniform absorption enhancement across the entire patterned QD nanodisk,
illustrating the tradeoff between higher total absorption enhancement and a uniform electric
field enhancement across the patterned QD nanodisk.

The thickness of the nanoring also plays an important role in the electromagnetic field
profile within the nanoring. Varying the coupling distance between the inner diameter
and outer diameter of the nanoring results in different electromagnetic field profiles that
can enhance absorption within the patterned QD nanodisk. The thickness of the gold
nanoring is varied from 70 nm to 270 nm while the gap size between the patterned QD
nanodisk and inner diameter of the gold nanoring is fixed at 50 nm. The same 800 nm
diameter patterned QD nanodisk is used in these simulations. Figure 2.11(a) shows the
electric field intensity within the gold nanoring with varying nanoring thickness. With
increasing nanoring thickness, there is a gradual change from the single annulus of higher
electric field intensity surrounding a center of low electric field intensity to an annulus of
lower electric field intensity surrounded by an annulus and a center of higher electric field

intensities. Upon inclusion of the patterned QD nanodisk, a different electric field profile
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arises due to the combined effects of the nanoring thickness and Mie resonances of the
patterned QD nanodisk. The electric field profile within the patterned QD nanodisk with
no nanoring structure in the lower right of Figure 2.11(a) shows an annulus of higher electric
field intensity surrounding a center of lower electric field intensity. Upon the addition of a
thin (70 nm) gold nanoring, the larger difference in the electric field intensity between the
annulus and center is observed with the increase in electric field intensity in the annulus
and decrease in electric field intensity in the center. Around a nanoring thickness of 130
nm, the emergence of a higher electric field intensity center splits the lower electric field
center into a lower electric field annulus sandwiched between the newly higher electric field
center and the original higher electric field annulus. Summing the absorption within the
patterned QD nanodisk across the absorbing wavelengths and comparing the absorption to
a patterned QD nanodisk with no gold nanoring, the absorption enhancement within the
patterned QD nanodisk with nanoring thickness is shown in Figure 2.11(b). This results in a
maximum absorption enhancement factor of 1.17 at a nanoring thickness of 160 nm. Across
the range of nanoring thicknesses examined, a minimum absorption enhancement factor of
1.09 is determined even with the thinnest nanoring thickness of 70 nm. With the variation
in nanoring thickness at a constant nanoring inner diameter, there is a gradual change in the
electric field profile within the patterned QD nanodisk. With increasing nanoring thickness,
the annulus of higher electric field slowly moves towards the inner diameter of the nanoring,
leading to the decrease in the absorption enhancement beyond a nanoring thickness of 160
nm.

The inner diameter of the nanoring also plays an important role in determining the
electromagnetic field profile within the nanoring. Varying the inner diameter of the nanoring
affects the resulting electromagnetic interference profile within the nanoring. With a fixed
gold nanoring thickness of 120 nm, the gap space between the outer diameter of the

patterned QD nanodisk and the inner diameter of the gold nanoring is varied from 50
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Figure 2.12: Variation in the gap space between the inner diameter of the 120 nm
thick gold nanoring and 800 nm diameter patterned QD nanodisk. (a) Electric field
intensity within the gold nanoring with and without the patterned QD nanodisk. The
electric field intensity of only the patterned QD nanodisk is shown below for reference.
(b) Absorption enhancement within the patterned QD nanodisk due to the presence
of the varying gap space between the gold nanoring and patterned QD nanodisk.

nm to 250 nm, resulting in the inner nanoring diameter variation between 800 nm to 1300
nm. Figure 2.12(a) shows the electric field intensity within the nanoring with varying gap
space. Compared to the variation in nanoring thickness examined previously, varying the
gap size at constant nanoring thickness has a larger effect on the electric field intensity
within the nanoring. At all sizes, there is an annulus of lower electric field intensity at
the inner diameter edge of the nanoring. At a smaller gap distance, there is an annulus
of higher electric field surrounding a center of lower electric field. Around a gap distance
of 130 nm, there is a more uniform distribution of higher electric field intensity across the
center of the nanoring. At larger gap distances, the electric field profile develops into a
center of highest electric field intensity surround by concentric annuli of lower then higher
electric field intensity followed by the lower electric field intensity at the inner diameter
edge of the nanoring. This increase in the electric field oscillations with increasing inner
diameter is explained again by the interference of reflected light waves within the nanoring.
With increasing inner diameter, a larger number of periods of the interference light pattern

persist in the nanoring. Upon addition of the patterned QD nanodisk, the electric field
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within the patterned QD nanodisk narrows. This can be explained by the perceive reduction
in wavelength in the higher refractive index QD nanodisk compared to air. At small gap
distances, a similar profile of a higher electric field intensity annulus surrounding the central
lower electric field intensity is observed. However at larger gap distances, this inverts where
the lower intensity electric field annulus surrounds a higher electric field intensity center.
This results in a larger change in the absorption enhancement within the patterned QD
nanodisk, as shown in Figure 2.12(b). The absorption enhancement factor peaks at 1.15
for a gap distance of 100 nm. However, at large gap distances, the absorption enhancement
factor drops to 0.98 at a 250 nm gap distance. Thus, the variation in the inner diameter of
the nanoring has a larger impact on the absorption enhancement within the patterned QD

nanodisk than the variation in nanoring thickness.

2.5 Simulated Electric Field Enhancement within

QD Solids wusing Embedded Aluminum

Nanoarrays

With a better understanding of the electric field intensity from a single nanoring, the
next step is to examine the electric field intensity around nanoring assemblies. Noting
the largest electric field intensity enhancements with the aluminum nanoring compared to
the other plasmonic metals examined, they are used here. Aluminum nanoring assemblies
are embedded in a layer of alumina so the patterned QD solids can be placed on top of
the flat alumina surface as illustrated in Figure 2.13. Here the oxidation of the aluminum
nanostructures is less of a concern. The three nanorings sizes examined have outer/inner
diameters of 280/240 nm, 200/160 nm, and 120/80 nm. The concentric nanoassembly

therefore has 20 nm thick nanorings and 20 nm gap spacing between the nanorings. The
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Figure 2.13: Schematic illustrating the aluminum nanoring assembly embedded in an
alumina layer with a patterned QD nanodisk above the nanoring assembly.

pitch between the nanostructures is 500 nm. With this large pitch compared to the largest
outer diameter, there is no coupling interaction between neighboring nanoring assemblies.
In these systems, the objective is to increase the electric field intensity above the nanoring
assemblies where the patterned QD solids are located.

To start this investigation, the simplest case of three concentric aluminum nanorings
embedded in alumina with a continuous QD film above the alumina is examined to better
understand the coupling interactions between concentric nanorings and the resulting electric
field intensities. The increase in absorption in the QD film with the concentric nanorings is
much larger than the increase in absorption in the QD film with the individual nanorings.
Figure 2.14(a) illustrates the absorption within the above QD film in the presence of
the embedded concentric nanorings and individual nanorings. Looking at the individual
nanorings, there is not a significant increase in absorption across the absorbing wavelengths
of the QD film compared to the system with no aluminum nanorings. However, with all
three concentric nanorings, there is a significant increase in absorption within the QD film

across the majority of the absorbing wavelengths. This is greater than the sum of the
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Figure 2.14: Absorption in the QD film and electric field intensity cross sections of an
array of embedded concentric aluminum nanoring assemblies. (a) Absorption in the
QD film above the assembly for the concentric nanoring assembly and the individual
nanorings. A reference QD film absorption spectrum is illustrated in the black dashed
line. (b) Electric field intensity cross sections for the concentric nanoring assembly
and three individual nanorings. The colored box around each schematic corresponds
to the absorption spectra of these four nanoring assemblies in (a).

individual absorption increases from the individual nanorings, illustrating the beneficial
effect of the interaction between the nanorings to generate a higher electric field intensity
above the nanorings. The electric field cross sections are shown in Figure 2.14(b). The
concentric nanoring assembly and the individual nanoring schematics are colored to match
the absorption spectra in Figure 2.14(a). Looking at the electric field cross sections along
the diameter of the nanorings, it is clear the electric field intensity above the nanorings is
focused primarily over the center of the nanoring assemblies. However, much of the higher
electric field intensity resides within the inner diameter of the nanorings, in the alumina
layer. To further increase the absorption within the above QD film, it is imperative to
find other plasmonic nanostructures to shift these higher electric field intensities from the
alumina layer into the QD film.

However, looking at the absorption in the above QD film, a narrow absorption peak is
seen around 520 nm for only the largest and smallest nanorings. One possible explanation

for this narrow absorption peak is the generation of a Fabry Pérot mode between the
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Figure 2.15: Absorption in the QD film above the largest aluminum nanoring array
with varying pitch.

outer diameters of the nanorings in their respective arrays. These modes are sensitive to
the distance between the outer diameters of the nanoring and the pitch of the array. To
further examine the pitch dependence of this narrow absorption peak, arrays of the largest
nanoring are simulated at different pitches. Figure 2.15 illustrates the absorption in the
QD film above the largest nanoring at varying pitch. With increasing pitch, the sharp peak
in absorption redshifts, which confirms the peak observed at 520 nm for the 500 nm pitch
for the largest nanoring and smallest nanoring in Figure 2.14(a) is a function of the pitch
of the nanoring array. This reaffirms the wavelength and pitch dependence on the Fabry
Pérot mode between the arrays of the large and small nanorings.

With the origin of the narrow absorption peak resolved, the problem of the higher electric
field intensities residing within the alumina layer remains. One method to move this higher
electric field intensity up into the QD film is through the use a central aluminum nanodisk
instead of a central aluminum nanoring. A 120 nm diameter nanodisk is used in place of the
120/80 nm outer/inner diameter nanoring. Figure 2.16(a) shows the absorption in the QD
film for the concentric nanoring assemblies with the central nanodisk and central nanoring.

Across the absorbing range of the QDs, the inclusion of the central nanodisk increases the
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Figure 2.16: Absorption in the QD film and electric field intensity cross sections of
an array of embedded concentric nanoring assemblies with a central nanodisk and
a central nanoring. (a) Absorption in the QD film above the two assemblies. (b)
Electric field intensity cross sections for the concentric nanoring assemblies.

absorption in the above QD film. Figure 2.16(b) shows the electric field intensity profile
in the QD film with the corresponding diameter cross section through the nanoassembly.
The higher electric field intensities above the central nanodisk compared to the electric
field intensity above the central nanoring results in the increased absorption observed.
The diameter cross sections more clearly highlight the higher electric field intensity in
the QD film above the nanoassembly with the central nanodisk compared to the higher
electric field intensity in the alumina layer in the center of the central nanoring. With this
promising nanodisk-centered nanoring aluminum assembly, the next step is to integrate the
patterned QD nanodisks studied previously to understand how the combined effects of the
shape of the QD nanodisks and the underlying plasmonic nanoassembly result in absorption
enhancement within the QD nanodisks.

To quantify the absorption enhancement within the patterned QD nanodisks due to the
presence of the aluminum nanoassembly with the central nanodisk, the absorption within
the patterned QD nanodisks is compared with and without the nanoassembly. Figure
2.17(a) illustrates the electric field intensity profiles around the nanoassembly at select

patterned QD nanodisk diameters. The corresponding profiles with the continuous film
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Figure 2.17: Cross sections of electric field intensity and absorption per unit volume of
patterned QD nanodisks and a continuous QD film. (a) Electric field intensity profiles
of the concentric nanoring assembly with a central nanodisk with varying patterned
QD nanodisk diameters and a continuous QD film. Dashed lines outline the edges
of the patterned QD nanodisks. (b) Absorption per unit volume profiles of varying
patterned QD nanodisk diameters and a continuous QD film with and without the
aluminum nanoassembly. (c¢) Absorption enhancement within the patterned QD nan-
odisk with varying patterned QD nanodisk diameter. The absorption enhancement
within the continuous QD film is illustrated in the dashed line for reference.

is also illustrated for this array with a 500 nm pitch. With the smallest patterned QD
nanodisk diameter of 120 nm, high electric field intensities are found in the patterned QD
nanodisks. With larger patterned QD nanodisk diameters, the electric field intensity is lower
on average throughout the nanodisk. The electric field profiles also approaches that of the
continuous film as illustrated with the largest diameter of 440 nm. The absorption profiles
with the aluminum nanoassembly shown in 2.17(b) mirror the results seen in the electric
field intensity profiles since the electric field intensity and absorption per unit volume are
directly proportional to one another.

Interestingly, looking at the absorption within the patterned QD nanodisks with and
without the embedded aluminum nanoassembly, there is a clear shift in the regions where
there is stronger absorption. Without the embedded aluminum nanoassembly, the shape
of the patterned QD nanodisks play a larger role in determining the location of higher

absorption within the patterned QD nanodisk. This disappears once the edges disappear in
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the continuous film system and the absorption profile only varies with height in the QD film.
With the embedded aluminum nanoassembly, the strong electric field concentration above
the nanoassembly results in increased absorption centered above the nanoassembly. This is
most apparent in the 440 nm diameter QD nanodisk where there is an annulus region of
a higher number of absorbed photons, but upon inclusion of the aluminum nanoassembly,
the strong electric fields from the assembly result in a large central region of higher number
of absorbed photons as illustrated in 2.17(b).

To quantify this absorption enhancement, Figure 2.17(c) illustrates the absorption
enhancement of the patterned QD nanodisk at varying diameters with the comparison
to the continuous QD film for the pitch size of 500 nm. With the smallest patterned
QD nanodisk examined, an absorption enhancement factor of 8.0 can be achieved due to
the high electric field intensities directly above the central nanodisk, which is where the
patterned QD nanodisk resides. With increasing size, larger fractions of the patterned
QD nanodisk experience a lower electric field intensity compared to the region just above
the aluminum nanodisk, which results in the rapid decrease in absorption enhancement
factor with increasing patterned QD nanodisk diameter. Finally with larger diameters,
the absorption enhancement factor approaches that of the QD film as the QD coverage
approaches that of the continuous QD film. From these results, it is clear the strong electric
fields generated by the aluminum nanoassembly dominate the absorption enhancement
within the patterned QD nanodisk.

Although the inclusion of the embedded aluminum nanoassembly dominates the absorp-
tion enhancement within the patterned QD nanodisk, the shape effects of the patterned QD
nanodisk are still present. Using the similar approach to compare the shape effects of the
patterned QD nanodisk without the presence of the aluminum nanostructures illustrated
in Figure 2.8 on page 22, Figure 2.18 compares the absorption within the patterned QD

nanodisk to the absorption in an equal volume region of the continuous QD film. Regions of

35



_——
N
e

0.20
10'-‘8 . 016 Patterngd
L 0 012 QD Solid
2 g°
i ﬁ 0.08
£ < om
o ’ No Al
e 0
160 240 320 400
0.1 Patterned QD

Solid Diameter (nm)

Figure 2.18: Cross sections of electric field intensity and absorption within the
patterned QD nanodisks compared to an equivalent volume region of a continuous
QD film. Comparison of the electric field intensity cross section for a patterned QD
nanodisk and an equivalent volume region of a continuous QD film for a patterned QD
nanodisk diameter of (a) 160 nm and (b) 280 nm. Part of the electric field intensity
profiles are shaded to better visualize the sizes of the patterned QD nanodisk for
easier comparisons to the equivalent volume region of a continuous QD film. (c)
Absorption within the QD nanodisk with varying patterned QD nanodisk diameter
for the patterned QD nanodisk with the aluminum nanoassembly, the equivalent
volume region of a QD film with the aluminum nanoassembly, and the patterned QD
nanodisk with no aluminum assembly.

the electric field cross sections are shaded to more clearly compare the increased electric field
intensities within the patterned QD nanodisk compared to the equivalent volume section of
the continuous QD film. For the smaller 160 nm diameter QD nanodisk (Figure 2.18(a)),
there is a stronger electric field intensity in the patterned QD nanodisk compared to the
equivalent region in the continuous QD mask. With a larger 280 nm diameter (Figure
2.18(b)), the differences between the electric field intensities are less pronounced compared
to those in the smaller diameter system. These higher intensity electric field profiles lead to
the increased absorption within the patterned QD nanodisk at all diameters simulated in
Figure 2.18(c). It is clear the finite sizes of these patterned QD nanostructures contribute

towards the increased absorption within the QD nanostructures both with and without
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plasmonic nanostructures (Figure 2.8(a)).

Through this investigation of embedded aluminum nanoassemblies and the simulated
absorption enhancement of the above film, three key points can be drawn. First, the
coupling effects between concentric nanorings results in a stronger electric field intensity
above the nanoassembly than the combined electric field intensities of the individual
nanorings. Second, the use of a central nanodisk results in higher electric field intensity
above the nanoring assembly than the use of a central nanoring for increased absorption
enhancement within the patterned QD nanodisk. Lastly, the aluminum nanoassembly
provides the majority absorption enhancement within the patterned QD nanodisk, while the
Mie resonance modes that arise from the geometry of the patterned QD nanodisk provide
a lesser, but not negligible amount of absorption enhancement within the patterned QD

nanodisk.
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Chapter 3

Modeling the Response of a GGold
Nanorod Cluster Following

Ultrafast Laser Illumination

3.1 Introduction

Plasmonic nanoparticles excited with ultrafast laser pulses generate unique, time-dependent
optical and structural responses. They are commonly studied using pump-probe far-field
all-optical techniques to unravel the influence of structure, morphology, and particle-particle
contacts on the plasmonic nanoparticles following photoexcitation. [82-88] Changes in the
plasmon resonance are detected as oscillations in the optical signal, which correspond to
the changing lattice of the nanoparticle. Monodisperse samples are required to minimize
ensemble averaging effects on the optical response which obfuscate dynamics because of the
sensitivity of the optical response to shape and geometry of the nanostructure. Optical

single-nanostructure measurements eliminate the ensemble effect, but instead require non-
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trivial models to interpret and induced plasmonic and structural dynamics found in
assemblies. [89-93] However, all-optical techniques are diffraction limited, which limits
the detection spot size for single particle and assembly measurements, and cannot detect
dynamics that may be due to sample variation. Assemblies also complicate interpretation
of the measurements, as variation in coupling between particles can also cause spectral
shifts. As a result, the understanding of the energy relaxation timeline from non-thermal
electrons to acoustic modes and the critical dependencies on intra-particle defects, surface
morphology, particle-particle interactions, and particle-substrate interactions is poorly
understood. [94-96] Recent work has used techniques like Bragg coherent diffraction
imaging [97] and ultrafast transmission electron microscopy to provide spatio-temporal
resolution, and to directly characterize the structural response following ultrafast laser
excitation by observing coherent oscillations in plasmonic nanostructures. [98, 99]

Briefly, the laser is absorbed and generates a nonthermal electron distribution in the first
50 fs. Electron thermalization occurs in the next 500 fs through electron-electron scattering.
In 1-5 ps, electron-phonon scattering occurs to transfer energy from the hot electrons to
the cold lattice, thermalizing and equalizing the temperatures of the electrons and lattice.
Finally, the lattice and the surrounding medium interact through acoustic oscillations from
hundreds of ps to ns to dissipate heat from the lattice to the environment. [83, 98,
100-107] However, the time-dependent nanostructure oscillations are convoluted by intra-
particle defects, surface morphology, substrate interactions, and neighboring nanostructure
interactions. [94, 101, 102, 108-112]

In this work, the goal is to understand the time-dependent structural variations within
the gold nanorod lattice and the resulting optical response of the gold nanorod upon
absorption of an ultrafast laser pulse. First, the changes in the extinction cross section
of gold nanospheres and gold nanorods are simulated using finite difference time domain

methods. Upon laser excitation, the generation of breathing and extensional modes results
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in changes in the size of the nanoparticle and changes in the complex dielectric permittivity
of the gold used to model these nanoparticles. To model the combined effects of these
changes in physical properties and coupling effects, nanosphere and nanorod dimers are
simulated. The second portion of this work explores the time-dependent in-plane lattice
displacement within a nanorod assembly on a substrate using finite element methods. The
individual effects of substrate adhesion and physical nanoparticle contact is simulated to

understand how they affect the lattice displacement.

3.2 Methods

3.2.1 Finite Difference Time Domain Method

The Finite Difference Time Domain (FDTD) method used to determine the extinction cross

section is described in Section 2.2.2 on page 11.

3.2.2 Finite Element Method

Finite Element method (FEM) simulations are performed using COMSOL Multiphysics
Structural Mechanics and Heat Transfer modules to model the gold nanorod cluster and
silicon nitride substrate. FEM subdivides the entire simulation space into a number of
finite elements where the equations are modeled in each element then reassembled into the
whole simulation space. With this discretization method, the mesh size can be variable
across the nanostructure, allowing for a more accurate modeling of curved structures like
the nanospheres and nanorods. The in-plane displacement across the nanorod is simulated
after the initial temperature increase due to the femtosecond absorption of a laser pulse
so both the heat transfer module and structural mechanics module are required. Finally,

to account for the substrate interactions, the inclusion of a thin elastic layer is used. This
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additional layer acts as a spring between the nanorod and the substrate and can be used to

model the nonradiative energy loss from the nanorod to the substrate.

3.3 Nanosphere and Nanorod Resonance Shifts

with Breathing and Extensional Modes

3.3.1 Changes in the Complex Dielectric Function of Gold
upon the Absorption of an Ultrafast Laser Pulse

Upon laser excitation, physical properties of the gold nanostructure change. When the
nanoparticle lattice expands, there is a corresponding expansion in the nanoparticle volume.
This can be easily modeled by changing the size of the nanoparticle. However, with this
change in size, the electron density across the entire nanostructure changes. [113] This
affects the complex dielectric permittivity of the nanoparticle, and therefore its resonance.
Consider the electron density, N, in the expanded gold nanoparticle. Compared to the

initial electron density in the unexpanded nanoparticle:

1+ 4%

(3.1)

where AV is the change in volume and Vj is the initial volume of the unexpanded

nanoparticle. The bulk plasmon frequency, w,, is a function of electron density:

Ne2
wp = e ~ \/N (32)

€eom

where e is the electron charge, m is the mass of the electron, and ¢q is the electric permittivity

in vacuum. So the plasmon frequency in the expanded nanoparticle can be determined from
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the plasmon frequency and electron density of the unexpanded nanoparticle, wy, o and Ny,

N
Wp = Wp,04/ = No (3.3)

Thus to account for the change in electron density, the new bulk plasmon frequency is used

respectively.

in the Lorentz-Drude oscillator model for the frequency dependent permittivity of gold:

2

erlw)=1- ((,uw—izi il") 72’ z_: - w]; —wl'y,) (34)

where f is the oscillator strength, wp ,, is the inter-band transition frequencies, and I' is the
linewidth of these transitions. For this work the five oscillator fit is used based on the work
of Rakié et. al. [76]

To examine the effects of the change in volume and electron density on the optical
response, single and dimer gold nanospheres and gold nanorods are simulated using
Lumerical FDTD Solutions. The size and modified complex dielectric permittivity of gold
is used to account for the change in optical properties due to volume and electron density,

respectively.

3.3.2 Changes in the Extinction Cross Section of Gold
Nanospheres upon Laser Excitation

To examine the effect of the absorption of a laser pulse on the resonance modes of gold
nanoparticles, the simplest case of the nanosphere is examined. Figure 3.1 shows the
extinction cross section of a 60 nm diameter gold nanosphere. For the breathing mode
of the nanosphere, the volume expansion to a 61 nm diameter gold nanosphere leads to
a small redshift (496 nm to 497 nm) and slight increase in the extinction cross section.

Upon inclusion of the decrease in electron density in addition to the volume expansion,
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Figure 3.1: Extinction cross sections of the base gold nanosphere (60 nm diameter),
the breathing mode of the gold nanosphere with its shape change (61 nm diameter),
and the breathing mode of the gold nanosphere with both a shape change and a
modified complex dielectric permittivity due to the change in electron density (61 nm
diameter + electron density).

the extinction cross section further redshifts (497 nm to 500 nm) and increases compared
to the original 60 nm diameter gold nanosphere. Thus for the breathing mode for the
nanosphere, the increase in volume and decrease in electron density both redshift and
increase the magnitude of the extinction cross section. For this spherically symmetric
system, the polarization of incident light does not affect the resonances.

Upon the addition of a second nanosphere, the coupling between the nanospheres as well
as the changes in size and electron density of the individual nanospheres are convoluted
in the dynamic optical properties of the system. Moreover with the break in spherical
symmetry, the polarization of incident light affects the response of the dimer. Thus these
dimer systems are simulated with light incident parallel and perpendicular to the dimer
axis. Figure 3.2(a) illustrates the extinction cross sections with varying dimer spacing and

varying incident polarization for the 60 nm diameter gold nanosphere dimer. With incident
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Figure 3.2: Extinction cross sections of the gold nanosphere dimer (60 nm diameter)
at varying dimer spacing. (a) Extinction cross sections of the base gold nanosphere
dimers with different edge-to-edge spacing for light polarized along the dimer axis and
perpendicular to the dimer axis. (b) Variation in the peak extinction cross section
wavelength of the dimer system with varying light polarization direction and inclusion
of the shape and electric density changes.

polarization along the axis of the dimer, the extinction cross section increases and redshifts
significantly with decreasing dimer spacing. For the polarization perpendicular to the dimer
axis, there is a much smaller change in peak wavelength of the extinction cross section and
a slight decrease in the extinction cross section with decreasing dimer spacing. Figure
3.2(b) examines the variation in peak wavelength of the extinction cross section with dimer
spacing. For light polarized perpendicularly to the dimer axis, there is a minimal shift in
the peak wavelength with varying dimer spacing, change in size, and change in electron
density. When the light is polarized along the axis, a redshift with decreasing particle-
to-particle spacing is observed when the size and electron density changes are included.
With the increase in size from expansion, the additional redshift arises due to both the
larger size of the nanosphere as well as the decrease in dimer edge-to-edge spacing. When
accounting for the electron density changes, the resonance further redshifts. The change in
dimer spacing results in more significant shifts in the peak extinction cross section compared

to the effects of the changing shape and electron density. The impact is largest when the
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initial dimer spacing is small, since the increased size of the individual nanospheres results

in the nanospheres being in closer proximity to one another.

3.3.3 Changes in the Extinction Cross Section of Gold
Nanorods upon Laser Excitation

To further investigate the effects of the size and electron density changes on a more complex
nanoparticle, gold nanorods are used. Figure 3.3 illustrates the changes in the extinction
cross section with the extensional and breathing modes and inclusion of the electron density
changes for light polarized along the nanorod axis and perpendicular to the nanorod axis.
Starting with 40 nm wide x 120 nm long gold nanorod, the extensional mode is a 39 nm x
121 nm nanorod while the breathing mode is a 41 nm x 119 nm nanorod.

First consider incident light polarized perpendicular to the nanorod axis. The change
in shape from the extensional mode slightly decreases the extinction cross section due to
the slight decrease in the diameter of the nanorod. The extensional mode results in a
four percent decrease in volume, which results in a larger electron density, blueshifting the
resonances slightly (480 nm to 478 nm) along with a decrease in the magnitude of the
extinction cross section. For the breathing mode, the nanorod is wider in this polarization
direction, which results in a slight increase in the magnitude of the extinction cross section.
The breathing mode results in a four percent increase in volume, which reduces the electron
density in the nanorod, redshifting the resonance slightly (480 nm to 484 nm) along with
an increase in the magnitude of the extinction cross section.

For light incident parallel to the axis of the nanorod, the changes in the extinction cross
section are more significant. Considering the extensional mode, the increase in nanorod
length redshifts the resonance compared to the base nanorod (668 nm to 678 nm) but the

larger electron density blueshifts the resonance (678 nm to 671 nm). For the breathing mode,
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Figure 3.3: Extinction cross sections of the base gold nanorod (40 nm wide x 120 nm
long), the extensional mode of the gold nanorod (39 nm wide x 121 nm long), and
the breathing mode of the gold nanorod (41 nm wide x 119 nm long), with different
incident polarizations and inclusion of the electron density changes.

the decrease in nanorod length blueshifts the resonance compared to the base nanorod (668
nm to 663 nm) but the smaller electron density redshifts the resonance (663 nm to 669 nm).
With incident light polarized along the nanorod axis, the size effect and the electron density
effect shift the peak extinction cross section wavelength in opposite directions, which is not
seen with the nanosphere system.

Similar to the nanosphere dimer, the addition of a second nanorod introduces the
coupling effect between the nanorods and convolutes the extinction cross section response
of the dimer system. Figure 3.4 shows the extinction cross section for a nanorod dimer pair
in the side-by-side arrangement. Similar to the single nanorod case, with light polarized
parallel to the nanorod axis, the same competing resonance shift affects of the size and
electron density for both the extensional and breathing modes. The addition of the adjacent
nanorod blueshifts the extinction cross section compared to the single nanorod system.
With increasing dimer spacing, the peak extinction cross section redshifts towards the peak
wavelength observed for the single nanorod system as the nanorods in the dimer decrease

their interactions with one another.
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Figure 3.4: Extinction cross sections of the dimer gold nanorods in the side-by-side
arrangement. Example extinction cross sections with a three nanometer dimer spacing
with different incident polarizations and inclusion of the extensional and breathing
modes with and without the corresponding electron density changes. Peak extinction
cross section wavelength with varying dimer spacing and inclusion of the extensional
and breathing modes with and without the corresponding electron density changes.

For light polarized perpendicular to the nanorod axis, a larger difference in the extinction
cross section is seen in the extinction peak for the breathing mode. Again, this is due to
the reduced spacing between the nanorods when both nanorods enlarge. The rest of the
trends observed for the single nanorod are similar.

Whereas the presence of the adjacent nanorod shifted the peak extinction cross section
wavelength in the side-by-side arrangement for both polarizations of incident light, a large
shift in peak extinction cross section is observed in the end-to-end arrangement only for
light polarized along the axis of the end-to-end dimer arrangement. Figure 3.5 shows the

extinction cross section for the nanorod dimer pair in the end-to-end arrangement. Again,
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Figure 3.5: Extinction cross sections of the dimer gold nanorods in the end-to-end
arrangement. Example extinction cross sections with a three nanometer dimer spacing
with different incident polarizations and inclusion of the extensional and breathing
modes with and without the corresponding electron density changes. Peak extinction
cross section wavelength with varying dimer spacing and inclusion of the extensional
and breathing modes with and without the corresponding electron density changes.

the same competing resonance shifts for the shape change and electron density change are
seen in this dimer arrangement. For light polarized perpendicular to the axis, there is no
change in the peak extinction cross section. When light is polarized parallel to the dimer
axis, the nanorod length increase from the extensional mode, along with the reduction
in spacing between the particles, redshifts the resonance from 780 nm to 807 nm. Upon
inclusion of the change in electron density, the peak resonance blueshifts to 798 nm. For
the breathing mode, the slight nanorod length decrease and increase in spacing between the
particles blueshifts the peak resonance from 780 nm to 764 nm, and when the change in

electron density is included the peak resonance redshifts to 772 nm. These significant shifts
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indicate the utility of nanorods compared to nanospheres as probes.

3.4 Modeling Contrast Waves Observed in a Gold

Nanorod Cluster on Silicon Nitride

3.4.1 Finite Element Model Parameters

Finite element simulations are performed using COMSOL Multiphysics Structural Mechan-
ics and Heat Transfer modules to model the system consisting of four gold nanorods with a 2
nm citrate ligand coating lying on a SizN4 fixed substrate. This system is chosen to replicate
the experimental data analyzed by Ryan Gnabasik. The orientation of the nanorods and
spacing is taken from a transmission electron microscopy (TEM) image. [98] Each nanorod
is modeled as an ideal hemisphere-capped cylinder with radius of 20 nm and total length
of 120 nm. The substrate is modeled as a 400 nm x 300 nm x 20 nm block and is fixed on
the five surfaces not in contact with the gold nanorods. The heat transfer in solids module
provides information regarding thermal expansion and the temperature data is coupled
into the linear elastic structural module to model this system over a 100 ps duration after
the initial impulse heating due to the absorption of the laser pulse. The pulsed heating is
approximated with a 20 K step increase in average temperature in the nanorods determined
from thermal diffuse scattering calculations by Ryan Gnabasik. [114-116] Bulk gold and
silicon nitride physical properties (elastic moduli, Poisson’s ratio, coefficient of thermal
expansion, heat capacity at constant pressure, thermal conductivity, and density) are used

in the model.

49



(a) 2 5x102 (b) 2.5x107

E 120 E
£ £
100 nm — 5 ps E - ‘qc';
£ £ £
v =80 [
8 < b
s & g
20 ps 2 3 2
p o 3 =)
¢ %40 e
5 5
o o
£ £
0 0 20 40 6? 80 100 0

Time (ps

Figure 3.6: Simulated in-plane displacement within the gold nanorod cluster. (a) Top
left image is a schematic of the gold nanorod cluster on a silicon nitride substrate
modeled in COMSOL. The red line notes the region of interest used to construct
the space-time contour plot. A series of images from the in-plane displacement video
shows the magnitude of in-plane displacement after an initial isotropic expansion
meant to simulate rapid thermal expansion upon ultrafast optical excitation. Black
and white denote in-plane displacement from 0 to 25 pm, respectively. (b) Space-
time contour plot from the region of interest over the simulated 100 ps. The top and
bottom bands with values of zero represent the substrate past the ends of the rods.

3.4.2 Finite Element Simulations of Substrate Effects and
Nanorod Interactions on a Gold Nanorod Cluster

The base case simulation results are shown in Figure 3.6 which does not model any contact
between the nanorods and does not model any interaction between the nanorods and the
silicon nitride substrate. Initially, the increase in in-plane displacement starts at the edges
of the nanorods, then collects at the ends of the nanorod before propagating towards the
middle. This is seen in all four nanorods in Figure 3.6(a); since the properties of the four
nanorods are identical, the time-dependent response from the initial temperature increase
is the same.

The generation and propagation of these strain waves may be explained with an analogy
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to the spring. Upon laser heating, the sudden expansion results in a new equilibrium
position. The strain waves allow the lattice to oscillate towards this new equilibrium
position. However at later times (beyond 50 ps), the strain waves appear to originate
in the middle of the nanorod and propagate towards the ends. This may be due to the
interference pattern of the strain wave oscillations colliding in the middle of the nanorod
before they begin to oscillate back out towards the ends of the nanorod. A space-time
contour plot is created from the left most nanorod of the simulated nanorod cluster, shown
in Figure 3.6(b). These strain waves originate at the ends of the nanorod and propagate
towards the center in the first 50 ps. The velocity determined from the simulated data is
3.4 nm ps~!, which is close to the bulk speed of sound in gold of 3.24 nm ps~!. [117, 118]

When simulating the structural response, a handful of approximations are taken to
simplify the simulation. The nanorods are modeled as ideal hemispherically capped
nanorods that are defect free and have isotropic properties. One important property is
the Young’s modulus, which affects the stiffness of the simulated gold lattice. The Young’s
modulus for bulk gold is used (~ 79 GPa). [94, 98] However, in single crystalline nanorods,
the Young’s modulus is not isotropic and can lead to smaller values in the growth direction
[100] along the axis of the nanorod compared to the radial directions (42 GPa in [100]
direction vs 81 GPa in [110] direction and 115 GPa in [111] direction). [117, 119] This
reduction in Young’s modulus will reduce the simulated strain wave propagation velocity,
but the in-plane displacement will remain within the nanorods.

Another simplification is the ability to accurately simulate the interaction between the
nanorod cluster and substrate. The nanorods can dissipate energy nonradiatively through
surface bound ligands, directly into the environment above the nanorod, and directly into
the substrate beneath. Figure 3.6(b) shows a symmetric space-time contour plot where the
nanorod cluster is in contact with the substrate and does not interact with the substrate.

However, realistic nanorod clusters likely interact with the substrate to dissipate energy
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Figure 3.7: Space-time contour plots within the left most nanorod with varying elastic
layer coverage. Space-time contour plots showing the in-plane displacement along the
red line in Figure 3.6(a) with (a) no elastic layer, (b) elastic layer coverage of the top
hemisphere cap, (c) elastic layer coverage of the top third of the nanorod, and (d)
elastic layer coverage of all of the nanorod. The elastic layer spring constant is set to
100 GPa and contact is allowed between the nanorods and the substrate.
from the incident laser pulse absorption. Moreover the interactions between the substrate
and nanorods may not be uniform along the nanorod, further complicating the simulated
in-plane displacement.

To investigate the effect of nonuniform substrate interaction with the nanorod cluster,
a thin elastic layer is added between the nanorod and the substrate. This layer has a
Young’s modulus of 100 GPa to simulate the strength of the coupling between the nanorod
and substrate. Varying the Young’s modulus from 1 MPa to 50 TPa did not change the
simulated results significantly. Figure 3.7 illustrates the space-time contour plots of the left
most nanorod in the nanorod cluster with varying coverage of the thin elastic layer. With no
elastic layer (Figure 3.7(a)), the middle of the nanorod shows no in-plane displacement over
the simulated 100 ps. With just the top hemispheric cap of the nanorod interacting with
the substrate (Figure 3.7(b)), the region of no in-plane displacement moves up towards
the top of the nanorod with increasing time, breaking the symmetry observed in Figure
3.7(a). This upward shift in the region of zero in-plane displacement is more pronounced

when the upper third of the nanorod is interacting with the substrate (Figure 3.7(c)). With

increasing substrate interaction at the top of the nanorod relative to the bottom, there is
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Figure 3.8: Space-time contour plots within the left most nanorod with varying
interparticle spacing between the two leftmost nanorods. Space-time contour plots
showing the in-place displacement along the red line in Figure 3.6(a). (a)-(d) varies
the interparticle spacing between the two nanorods with distances of 0.07, 0.02,
0.00, and -0.03 nm, respectively. These distances correspond to no contact, contact
after thermal expansion, initial contact, and initial overlap between the nanorods,
respectively. No thin elastic layer is modeled between the nanorods and the substrate
for these simulations but contact is allowed between the nanorods and the substrate.
an upward shift of the region of no in-plane displacement. Finally, with the full nanorod
interacting with the substrate (Figure 3.7(d)), the space-time contour plot is symmetric
again like Figure 3.7(a) when there is no interaction between the nanorod and substrate,
but there is a clear difference in the in-plane displacement of the left most nanorod with
and without substrate interactions.

Another source of nonradiative energy transfer is through the interactions of nanorods
with adjacent nanorods. Again, focusing on the left most nanorod, the top of the left most
nanorod is closest in proximity to the nanorod to its right (Figure 3.6(a)). Thus this area
is most likely the first part of the nanorod to interact with the neighboring nanorod upon
lattice expansion after the absorption of the ultrafast laser pulse. To examine the effects of
nanorod contact on the in-plane displacement in the left most nanorod, the initial spacing
between the left most nanorod and its neighbor is varied and the resulting space-time

contour plots are illustrated in Figure 3.8. With no contact (Figure 3.8(a)), the in-plane

displacement is symmetric as seen previously. As the nanorods come in more contact with
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each other (Figure 3.8(b)-(d)), there is an increase in the in-plane displacement at the
top of the left most nanorod. This makes intuitive sense as the interaction with the gold
lattice of the neighboring nanorod results in the larger amount of in-plane displacement.
Interestingly, this increase in in-plane displacement is isolated to only the top end of the
left most nanorod. The bottom half of the nanorod remains mostly the same regardless of
the spacing between the left most nanorod and its neighbor. This indicates the localized
response of the in-plane displacement to neighboring nanorod contact.

These initial finite element simulations reveal the influence that substrate coupling
and proximity to neighboring nanorods has on the simulated in-plane displacement of the
nanorod lattice. Non-uniform substrate binding results in the shifting of the region of zero
in-plane displacement towards the region of the nanorod with stronger substrate binding.
If the nanorods intersect, there is a more localized increase in in-plane displacement within
the nanorod. These results isolating the effects of substrate and neighboring nanorods can

help deconvolute the more complected responses seen experimentally.
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Chapter 4

Upconversion Enhancement using
Luminescent Solar Concentrators

and Mirrors

4.1 Introduction

Triplet-Triplet Annihilation Upconversion (TTA-UC) is a promising upconversion technique
for application in solar cells. [120-127] Unlike other upconversion mechanisms, TTA-UC
can occur using noncoherent, weak excitation like sunlight. [123, 127-130] Many highly
efficient TTA-UC systems have been studied in the solution phase, but challenges exist in
developing solid-state upconverters for device applications. [128, 131-134] One challenge
with creating solid-state upconverters is the diffusion of triplets within the matrix, which
is limited in viscous environments. Another challenge is the minimization of oxygen, which
quenches the excited triplets. [123, 125-127, 135-137]

Recent work by Yanai and Kimizuka has resulted in the development of a simple
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Figure 4.1: Schematic showing triplet-triplet annihilation upconversion pathway for
the donor/acceptor PtOEP/DPAS upconverting pair. Energy levels for the singlet
states, S, and triplet states, T. Adapted from [127].

and versatile method to create an air-tolerant upconverting hydrogel. [128] The self-
assembled hydrogel consists of a gelatin and a nonionic surfactant (Triton-X 100) coassembly
encompassing a donor/acceptor upconverting pair, Pt(II) octaethylporphyrin (PtOEP) and
sodium 9,10-diphenylanthracene-2-sulfonate (DPAS). The thick, hydrophilic, hydrogen-
bonded gelatin shell prevents oxygen from entering the self-assembled hydrogels, minimizing
oxygen quenching of the excited triplets generated by the donor and acceptor molecules
in the hydrophobic regime. Moreover, the excited triplets can easily diffuse within the
coassembly, resulting in a high upconversion efficiency of 13.5%.

Triplet-triplet annihilation is a multi-step photon upconversion process. Figure 4.1
illustrates the upconversion pathway for the donor/acceptor PtOEP/DPAS upconverting
pair. First a photon hv; is absorbed by the donor PtOEP molecule and excites a singlet
ground state, Sp, to an excited singlet state, S;. Through intersystem crossing (ISC),
the excited singlet state becomes a triplet excited state in the donor PtOEP, Ti. The
excited triplet state from the donor PtOEP transfers to an excited triplet state in the
acceptor DPAS molecule through triplet energy transfer (TET). When two excited triplet

states in two acceptor DPAS molecules are in close proximity, they undergo triplet-triplet
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Figure 4.2: Distribution of incident light on the upconverting hydrogel.

annihilation (TTA), resulting a single higher energy singlet state in the acceptor DPAS,
Si. Finally, this excited singlet state relaxes down to the singlet ground state, emitting an
upconverted photon hry > hyy .

One concern with the upconverting hydrogel is the low absorption. Figure 4.2 illustrates
the fraction of incident light that is absorbed by the hydrogel, transmitted through the
system, or reflected off the hydrogel. The hydrogel absorption accounts for less than one
percent of the total fraction of incident light. With the non-unity quantum yield of the
upconversion process along with the non-unity quantum yield of the DPAS emitter, the
number of upconverted photons is further reduced compared to the number of absorbed
photons. This illustrates the need for light management techniques to increase absorption
within the hydrogel for increased upconverted PL.

Previous work has examined various light management techniques to increase the flux
of light into upconverters. One approach uses plasmonic antennas to enhance upconversion

efficiencies [138], while others have examined the use of fluorescent materials to return
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some of the transmitted light back into the upconverter. [139-142] One promising light
concentration technique uses a luminescent solar concentrator (LSC). LSCs embedded with
QDs provide geometric concentration by absorbing incident light over a large area and
guiding the light through total internal reflection towards a smaller area. QDs are a
promising luminophore for this application due to their high quantum yield, tunability,
and narrow PL band. In this system, a broad spectral range of incident light is absorbed,
and a narrow PL band concentrates light that overlaps the absorption peak of the donor
PtOEP molecule. However, LSCs are limited by various loss mechanisms including non-
unity quantum yield of the embedded QDs and reabsorption losses that arise from spectral
overlap between both the upconverted PL and the QD absorption and the QD PL with its
own absorption band. [13, 43, 143-145]

Using an LSC is advantageous, as the LSC absorbs a broad spectrum of incident
wavelengths and emits in a narrow PL band that better overlaps with the absorption
spectrum of the PtOEP donor. Specular and diffuse mirrors placed beneath the hydrogel
can reflect the transmitted light back into the hydrogel to be absorbed, increasing the
absorption length and thus the absorption within the hydrogel. In this work, both LSCs
and mirrors are used to increase the absorption and subsequent upconverted PL out of
the upconverting hydrogel containing the donor/acceptor pair PtOEP /DPAS. Monte Carlo
simulations are used to model the propagation of incident light within the system containing
the upconverting hydrogel and various light management devices. The benefits of a thin
film LSC on a glass slide versus a thick LSC slab for improved upconverted PL is examined
as well. This work is done in collaboration with the Yanai and Kimizuka group at Kyushu

University.
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4.2 Methods

4.2.1 Monte Carlo Algorithm

Monte Carlo models are effective tools to simulate the propagation of photons within
luminescent solar concentrators (LSC) when the sizes within the LSC system are much
larger than the wavelength of light. The models are based on ray tracing calculations. [29,
30, 40, 145-147] This model is based on home-written code developed by Dr. Ryan Connell.
[30] Briefly, the model determines probability functions for the absorption, PL, reflection,
and refraction of photons as they interact with the different emitters and layers within the
LSC system, as well as the mirrors around the LSC. The user defines the absorption and PL
spectral data, optical density of emitters in the layers, quantum yield of the emitters, and
geometry of the LSC system, and then the wavelength dependent probability of interaction
for a photon is determined in each iteration of the code as the photon propagates through
the model in small steps (5 pm). The photon position is tracked throughout the simulation
to determine whether it reaches its destination or is lost to various pathways. Thus
using hundreds of thousands of photons, the average behavior can be modeled using fewer
assumptions than required for analytical models.

To accommodate the upconverting layer, a few modifications are made to the Monte
Carlo code developed by Dr. Ryan Connell. A new layer for the upconverting layer is
defined, which is positioned either centered on top of the LSC layer or adjacent to the edge
of the LSC layer. The absorption and PL properties of the donor and acceptor molecules
are entered into the model, along with the relevant optical properties including quantum
yield and optical density. The wavelength dependent probability of absorption and PL
are calculated similar to the probability of absorption and PL within the LSC. The model
approximates the upconversion process as follows. Upon absorption of a photon by the

donor molecule in the upconverting layer, a random number from zero to one is generated
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and compared to the probability of triplet energy transfer to determine whether the photon
undergoes triplet energy transfer from the donor to the acceptor molecule. If the photon
does not undergo triplet energy transfer, the photon proceeds with the reabsorption and
reemission calculations for the donor molecule. After successful triplet energy transfer,
another random number is generated to compare to the upconversion quantum yield to
determine whether the photon undergoes upconversion or is lost nonradiatively. Upon
successful upconversion, the photon is assigned a new wavelength based on the PL spectrum
of the acceptor molecule and a random normalized velocity vector to emulate isotropic PL.

One limitation of this upconversion methodology is the tracking of only one photon
for this two photon process. Since this Monte Carlo method tracks one photon at a time,
there are approximations made when using the probability of triplet energy transfer and
upconversion quantum yield. In the case of high intensity illumination, where there is
a high density of triplet excited states in the donor molecules, this method of modeling
the upconversion process is reasonable since at high illumination intensities beyond the
intensity threshold, the upconversion quantum yield is constant. However at low excitation
intensities, the constant upconversion quantum yield does not hold since there is not a

saturation of triplet excited photons in the donor molecules.

4.2.2 Monte Carlo Parameters

The simulated hydrogel size ranges from a 1 mm x 20 mm x 1 mm slab to 10 mm x 20 mm x 1
mm slab of the upconverting donor/acceptor pair PtOEP /DPAS within the gelatin/TX-100
assembly. The refractive index of the hydrogel is set to 1.37 based on the weighted average
(20 wt% gelatin) of the refractive indices of gelatin (1.53) and water (1.33). [148] Based
on previous reports, the fluorescent quantum yield of the donor PtOEP (0.40), fluorescent
quantum yield of acceptor DPAS (0.667), triplet energy transfer yield between PtOEP and

DPAS (0.978), and PtOEP/DPAS upconversion quantum yield (0.135) are used. [128,
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149-151] The thick LSC slab is a 10 mm x 40 mm x 1 mm slab of QDs embedded in PLMA.
The refractive index of the LSC is set to 1.44, which is the measured index for PLMA.
[39] QDs are assumed uniformly distributed within the PLMA with minimal aggregation
to ensure high transparency within the LSC. The optical density (OD) at 450 nm in the
LSC is fixed to 0.3. The quantum yield of the QDs is fixed at 0.8. For the thin film LSC
on glass, the thin film LSC is 10 mm x 40 mm x 50 pgm on top of a 10 mm x 40 mm x
950 pm glass slide with a refractive index of 1.50. The specularly reflective and diffusely
reflective bottom mirrors with reflectivity of 0.99 are used to increase the absorption length
of photons in the system. A 25 pum air gap is set on all sides of the system. The incident
photons simulated have wavelengths spanning 440 — 750 nm and are distributed over the
top surface. This ensures all the PL from the DPAS upconverter acceptor is light that
undergoes upconversion in the hydrogel. The spacing of the incident positions varies across
the simulated systems but at least 600,000 photons at each wavelength are simulated over

each region (the area over the hydrogel and the area over only the LSC).

4.3 Spectral Overlap Reduces Upconverted PL

The LSC enhances absorption of incident light in the upconverting hydrogel through spectral
concentration. Illustrated in Figure 4.3(b), the absorption spectrum of the PtOEP donor
molecule consists of a narrow peak around 534 nm. Thus incident light from 440 - 520
nm is unlikely to be absorbed by the PtOEP in the hydrogel. This limits the amount
of broadband light absorbed and thereby limits the amount of light upconverted by the
hydrogel. To overcome this limit, the LSC with embedded QDs can be used to capture
some of this unabsorbed light. The broad absorption spectrum of the QDs in the LSC
indicates the QDs strongly absorb the incident light from 440 nm to 520 nm. The resulting

PL is centered around 540 nm with a narrow FWHM around 30 nm. This overlaps with
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Figure 4.3: Schematic showing the reabsorption loss pathways for upconverted
photons in the hydrogel-LSC system due to spectral overlap between the QDs in
the LSC and the donor/acceptor upconverting pair PtOEP/DPAS in the hydrogel.
(a) Schematic showing the reabsorption loss pathways of upconverted PL from the
hydrogel. Blue and yellow stars illustrate PL from the DPAS acceptors and the QDs,
respectively. Black dots illustrate non-radiative reabsorption losses due to non-unity
quantum yield. Blue and yellow arrows are upconverted PL from the DPAS acceptors
and PL from the QDs, respectively. (b) Absorption and PL spectra of DPAS, QD,
and PtOEP. Dashed and solid lines are the absorption and PL spectra, respectively.

the narrow PtOEP absorption peak so more of the incident light can be absorbed by the
PtOEP donor molecule.

Some reabsorption loss concerns arise when examining the spectral overlap between the
upconverted DPAS PL from the hydrogel and the broad QD absorption in the LSC. The
spectra shown in Figure 4.3(b) indicate that there is overlap between the DPAS PL and
the QD absorption. Since the upconverted photons are emitted isotropically, some of these
photons propagate back into the LSC and are reabsorbed by the embedded QDs (Figure
4.3(a)). Due to the non-unity quantum yield of the QDs, some of these upconverted photons

are lost nonradiatively, reducing the number of upconverted photons from the hydrogel. The
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Figure 4.4: Schematic illustrating the two geometric arrangements of the upconverting
hydrogel (blue) and the luminescent solar concentrator (yellow). Side profiles of the
two schematics are shown below noting the relative proximity of the upconverting
hydrogel to the bottom of the simulation.

rest of these formerly upconverted photons are reemitted isotropically and are no longer at
the upconverted wavelength. Only a fraction of the reemitted photons propagate through
the LSC back into the hydrogel for a chance to be upconverted. The photons can be
trapped in this cycle, and with each loop, fewer upconverted photons leave the system.
While these reemitted photons propagate in the LSC, there are additional photons lost due
to the spectral overlap between the absorption and PL of the QDs. PL from one QD can
be absorbed by another QD in the LSC. Some of these photons are nonradiatively lost due
to the non-unity quantum yield, while the rest of the photons isotropically emit in the LSC
to continue propagating. Thus an additional fraction of upconverted photons are lost while
propagating through the LSC.

To quantify the effects of the LSC, two different geometries were modeled: the UC
hydrogel position may be centered on top of the LSC in the stacked arrangement, or on
the side of the LSC in the coplanar arrangement as illustrated in Figure 4.4. An air gap
surrounds all sides of the system to ensure efficient light trapping for light propagation
within the LSC. Another technique to increase absorption is the use of a mirror on the

bottom of the system. Light that is transmitted through both the hydrogel and LSC is
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reflected back up for a second pass, increasing the absorption path length, and resulting
in an increase in absorption and PL from the upconverting hydrogel. Both specular and
diffuse mirrors are examined, and are tested in conjunction with the LSC to determine
the best combination of light management techniques to increase both the absorption and

upconverted PL of the upconverting hydrogel.

4.4 Absorption and PL Enhancement with LSCs

and Mirrors

The absorption spectra of the various geometries including the LSC and mirrors is shown
in Figure 4.5(a) for a hydrogel size of 1 mm x 40 mm x 1 mm. The best light management
strategy for absorption enhancement uses the LSC and a diffuse mirror for both the stacked
and coplanar arrangements. To compare the total number of photons absorbed, the sum
of the product of the absorption spectrum and the solar spectrum is used to determine the
absorption enhancement factor compared to the hydrogel only system for each hydrogel
arrangement (stacked or coplanar) (Figure 4.5(b)). Incorporating the LSC and diffuse
mirror in the stacked arrangement enhances absorption by a factor of 3.54, while the same
system in the coplanar arrangement achieves a factor of 3.72.

When only using just one light management device (the LSC, a diffuse mirror, or a
specular mirror), the diffuse mirror provides the largest absorption enhancement within
the hydrogel. The diffuse mirror alone enhances absorption by a factor of 2.94 in the
stacked arrangement and 2.69 in the coplanar arrangement. The specular mirror increases
absorption in both geometries identically. The light transmitted in the first pass is reflected
straight back up into the hydrogel to be absorbed in the second pass, resulting in a near

100% increase in absorption with the specular mirror compared to the hydrogel only system.
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Figure 4.5: Comparison of the absorption within the upconverting hydrogel upon
the addition of LSCs and mirrors. (a) Fraction of incident light absorbed in the
upconverting hydrogel for the stacked geometries, inclusion of the LSC, and addition
of the bottom mirror (specular reflection, SR, and diffuse reflection, DR). (b)
Comparison between the incident light absorbed between the stacked and coplanar
geometries, inclusion of the LSC, and addition of the bottom mirror. Absorption
enhancement factors normalized to the amount of incident light absorbed by the gel
only sample.

With the diffuse mirror, incident light is scattered with equal radiance to all angles, so light
incident far from the hydrogel can scatter towards the hydrogel to be absorbed. This results
in the improved absorption enhancement with the diffuse mirror versus the specular mirror.

Additionally, the central and higher placement of the hydrogel in the stacked arrange-
ment compared to the coplanar arrangement results in greater absorption enhancement
with the diffuse mirror. More photons are diffusely reflected into the stacked arrangement
since there is a wider range of scattering angles that are directed to the hydrogel than in
the coplanar arrangement, as illustrated in Figure 4.4.

With the inclusion of the LSC alone, there is an increase in the absorption enhancement
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factor compared to the hydrogel only system, but the mirrors provide greater absorption
enhancement. With the LSC alone, the increase in photons absorbed derives from photons
with wavelengths shorter than 520 nm, whereas with the use of mirrors, the absorption
spectrum is just a scalar multiple of the hydrogel only absorption spectrum as illustrated
in Figure 4.5(a).

When combining either mirror with the LSC, the absorption enhancement factors are
larger than the systems with only one light management device. However this benefit is not
additive due to the spectral overlap. Again, examining the fraction of light absorbed in the
stacked arrangement with the diffuse reflector in Figure 4.5(a), adding the LSC decreases
the fraction of light absorbed around 534 nm. This arises from the slightly higher refractive
index in the LSC compared to the upconverting hydrogel (1.44 vs 1.37, respectively). For
light that is transmitted in the first pass through the hydrogel and LSC and reflected by
the mirror, as it propagates back towards the LSC and hydrogel it first encounters the
air/LSC interface. Since the difference in the refractive index between air and the LSC is
larger than the different in the refractive index between air and the upconverting hydrogel,
a larger fraction of light is reflected off this interface and does not propagate into the LSC
or hydrogel to be absorbed. Nonetheless, the combined mirror and LSC system does show
improvement over the mirrors alone due to the broad absorption within the LSC, PL from
the LSC, and subsequent absorption in the hydrogel.

Although an increase in absorption in the upconverting hydrogel leads to an increase in
the number of upconverted photons emitted from the donor/acceptor pairs in the hydrogel,
not all of the upconverted PL leaves the simulated system at the upconverted wavelength
due to the spectral overlap between the upconverted DPAS PL and the absorption spectrum
of the QDs in the LSC. Thus, it is equally important to track the change in the fraction
of incident photons that are emitted by the upconverter and the resulting PL wavelength

of these photons as they exit the simulated system. As discussed previously, the overlap
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Figure 4.6: Comparison of the PL from the upconverting hydrogel upon the addition
of LSCs and mirrors. (a) Fraction of incident light PL from the upconverting hydrogel
for the stacked geometries, inclusion of the LSC, and addition of the bottom mirror
(specular reflection, SR, and diffuse reflection, DR). (b) Comparison between the
number of upconverted PL photons between the stacked and coplanar geometries,
inclusion of the LSC, and addition of the bottom mirror. PL enhancement factors
normalized to the amount of incident light upconverted and PL by the gel only sample.

between the upconverted DPAS PL spectrum with the absorption spectra of both DPAS
and QDs, as well as the absorption/PL spectral overlap for the QDs alone, reduces the
number of upconverted photons emitted from the system. The PL spectra for the various
geometric arrangements are shown in Figure 4.6. To compare the number of upconverted
photons emitted, only the photons with wavelengths shorter than 515 nm are compared to
the number of upconverted photons from the hydrogel only system. The best arrangement is
the inclusion of only a diffuse mirror in both arrangements, which provides PL enhancement
factors of 2.92 and 2.14 for the stacked and coplanar arrangements, respectively. With the

inclusion of only the specular mirror, PL enhancement factors of 1.93 and 1.91 are seen
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compared to the no mirror case. The same reasoning from the absorption enhancement
with the specular mirror can be applied to the PL enhancement seen here, as noted by the
similar absorption enhancement factor.

With the addition of only a diffuse mirror, the stacked arrangement exhibits a larger
PL enhancement factor than the coplanar arrangement due to the increased distance from
the bottom of the hydrogel to the bottom mirror. In the coplanar arrangement, only the
25 pm air gap separates the bottom mirror from the hydrogel, so much of the PL light
from the hydrogel that scatters diffusely off the bottom mirror reenters the hydrogel to be
reabsorbed due to the spectral overlap between the absorption and PL from the DPAS. Due
to the low DPAS QY (0.667), many photons are lost nonradiatively upon reabsorption. To
prevent the upconverted photon from reentering the hydrogel with such a small gap space
between the bottom of the hydrogel and the diffuse mirror, the scattering angle off the
bottom mirror must have a large angle relative to the normal of the bottom mirror. This
constitutes a small fraction of all possible scattering angles, so a majority of the diffusely
scattered upconverted light reenters the hydrogel to be lost nonradiatively. In the stacked
arrangement, there is a 1 mm space in addition to the 25 pym air gap to account for the
LSC position. This additional vertical space allows for a less restrictive scattering angle
relative to the normal of the diffusely scattering bottom mirror to ensure the diffusely
scattered upconverted photons do not reenter the hydrogel, resulting in the larger increase
in upconverted PL compared to the coplanar arrangement.

With the addition of just the LSC, there is a slight decrease in the number of upconverted
photons that leave the system in the stacked arrangement, and a slight increase in the
coplanar arrangement with no mirror. The decrease can be explained by the relative position
of the hydrogel and LSC. Since half of the isotropically upconverted photons propagate
towards the LSC, there is a larger fraction of upconverted photons that pass through the

LSC to be reabsorbed and lost via the nonunity quantum yield of the LSC. In the coplanar
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arrangement a smaller fraction of the isotropically upconverted PL propagates toward the
LSC, so fewer photons are lost to reabsorption in the LSC.

However when adding the LSC to the systems with mirrors, there is a reduction in
the PL enhancement factor in all cases. This is clearly seen in Figure 4.6(a) with the
reduction in the upconverted photons and corresponing increase in QD PL upon inclusion
of the LSC. The stacked arrangement has a larger decrease in the PL enhancement factor
upon addition of the LSC compared to the coplanar arrangement due to the geometry
argument presented earlier. The inclusion of the bottom mirror magnifies these losses by
providing additional rebasorption loss pathways in both geometric arrangements, but since
the coplanar arrangements has fewer loss pathways, the losses in upconverted PL is less
drastic compared to the stacked arrangement.

Finally, to compare the effect of the relative size of the upconverting hydrogel on
absorption and upconverted PL enhancement, the absorption and PL enhancement factors
are determined for various hydrogel sizes. Figures 4.7 and 4.8 compare absorbed photons
and upconverted PL for the stacked arrangement and coplanar arrangement, respectively.
Overall the same trends seen for the smallest 1 mm x 40 mm upconverting hydrogel size
described previously hold true for the larger sizes.

There is a decrease in both absorption and PL enhancement with increasing hydrogel
size in the stacked arrangement, as shown in Figure 4.7. With the larger hydrogel on
top of the LSC, there is a larger interface area between the hydrogel and LSC, so there
is less of a benefit from geometric concentration to improve absorption in the hydrogel.
Furthermore, the larger interface area allows more upconverted light to enter the LSC to
be lost through reabsorption and downshifted reemission, which accounts for the reduction
in the upconverted PL enhancement factor with increasing hydrogel size. Finally, with
increasing hydrogel size, there is less of a difference in the effect of the specular mirror

and diffuse mirror, as the hydrogel covers a larger fraction of the entire simulated area
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Figure 4.7: Comparison of the number of absorbed photons and upconverted PL for
the stacked geometry system with varying upconverting hydrogel size at a fixed 10
mm x 40 mm LSC size, inclusion of the LSC, and addition of the bottom mirror
(specular reflection, SR, and diffuse reflection, DR). The legend lists the four sizes of
upconverting hydrogel examined.

(from 10% for the 1 mm x 40 mm hydrogel to 100% for the 10 mm x 40 mm hydrogel).
At larger hydrogel sizes, there is a smaller fraction of light that passes through air and
not the hydrogel and can be diffusely scattered into the hydrogel to be absorbed, thus the
enhancement from the diffuse mirror approaches that of the specular mirror with a larger
hydrogel in the stacked arrangement. At the largest hydrogel size, all incident light passes
through the hydrogel in the first pass, so the increase in absorbed photons for the diffuse
mirror and specular mirror are nearly identical.

In the coplanar arrangement, there is a decrease in the absorption enhancement with
increasing size upon inclusion of the LSC, as shown in Figure 4.8. Only the region of the
hydrogel closest to the LSC absorbs the increased photon flux from the LSC. For larger
hydrogel sizes, the regions of the hydrogel away from the LSC do not benefit from the

increased photon flux and absorb fewer photons. When averaging over the entire hydrogel,
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Figure 4.8: Comparison of the number of absorbed photons and upconverted PL for
the coplanar geometry system with varying upconverting hydrogel size at the fixed
10 mm x 40 mm LSC size, inclusion of the LSC, and addition of the bottom mirror
(specular reflection (SR) and diffuse reflection (DR)). The legend lists the four sizes
of upconverting hydrogel examined.

there is less total absorption enhancement since a larger fraction of the hydrogel does not
benefit from the additional photons from the LSC. For the upconverted PL. enhancement
in the coplanar arrangement with the LSC, there is little variation with increasing hydrogel
size. There is less upconverted PL reabsorption by the LSC since the interface area between
the hydrogel and LSC remains constant. Thus the coplanar arrangement with the LSC
results in more PL enhancement than the stacked arrangement with LSC.

For most arrangements shown, increasing the hydrogel size results in a decrease in
absorption and PL enhancement. However, the upconverted PL from the coplanar system
with only a diffuse reflector shows an increase in PL enhancement with increasing size. This
is due to the increasing fraction of the total area occupied by the hydrogel. In the smallest
case, the 1 mm x 40 mm hydrogel accounts for 1/11 of the simulated region since the 10

mm x 40 mm LSC accounts for the rest of the area. In the largest case, the 10 mm x 40
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Figure 4.9: Schematic illustrating the two geometric arrangements of the upconverting
hydrogel (blue) and the thin film luminescent solar concentrator (yellow) on top of a
glass slide. Side profiles of the two schematics are shown below.

mm hydrogel accounts for half of the simulated region. With the larger hydrogel, a larger
fraction of diffusely scattered light that doesn’t pass through the hydrogel in the first pass
is scattered towards the hydrogel to be absorbed and upconverted, resulting in the increase
in upconversion PL observed.

In all of the systems examined, there is no upconverted PL enhancement upon addition
of the thick LSC slab. This is due to the reabsorption of upconverted light in the LSC
layer. To overcome this problem, one alternative is to use a thin QD-polymer layer (<
100 pm) on top of a glass slide. [152, 153] Figure 4.9 illustrates schematics of the different
geometries with the thin film on glass. The thin film LSC still absorbs the incident light, but
the PL can propagate in the underlying glass layer, free from reabsoprtion loss. Moreover,
the upconverted PL from the upconverting hydrogel, when propagating back into the thin
film LSC and glass slide, is not absorbed in the glass layer as it propagates, increasing the
number of upconverted photons that leave the system.

To model the thin film LSC, the geometry of the simulation is modified again to
accommodate the glass slide regime. Instead of having the thick 1000 pm of the LSC
region as absorbing LSC, the thin film LSC consists of a 50 pm thin film LSC on top of

a 950 pm glass slide. Two thin film systems ODs are examined: one with the same OD
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Figure 4.10: Fraction of incident light PL from the upconverting hydrogel with a
specular mirror comparing the thin film LSC and the thick LSC slab.

as the thick film (OD = 0.30) and one with a higher OD to compensate for the reduced
thickness (OD = 6.00). Only the PL enhancement for the smallest upconverting hydrogel
is simulated to determine whether the thin film LSC is more advantageous than the thick
LSC slab.

Figure 4.10 illustrates the PL spectra comparing the different LSCs for both the stacked
and coplanar arrangement. With the thin film LSC on the glass slide, PL. enhancement is
achieved with the addition of the thin film LSC in the coplanar arrangement. In the stacked
arrangement, no PL enhancement is observed. With the thin film LSC with high OD, the
PL spectrum is similar to that of the thick LSC slab, whereas with the thin film LSC with
low OD, the PL spectrum is similar to the system with no LSC except for the addition
of PL peaks from the QDs and PL from the PtOEP that is not upconverted. In the
stacked arrangement, the same geometric problem exists in this thin film LSC system as
discussed above for the thick LSC slab system. Since all of the upconverted PL emitted

down again must pass through the LSC, there is the same reduction due to reabsorption
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and subsequent losses in the LSC. This is less of a concern with the lower OD thin film LSC,
but no PL enhancement is observed. On the other hand in the coplanar arrangement, there
is upconverted PL enhancement. With the upconverting hydrogel on the side of the thin
film LSC and glass slide assembly, most of the upconverted light propagating towards the
thin film LSC/glass side can travel undisturbed through the glass slide. Similarly, the light
absorbed by the thin film LSC is emitted and propagates through the glass slide towards
the upconverting hydrogel without being reabsorbed, increasing the number of photons that
are upconverted. This results in the increase in upconverted PL out of the system seen in
Figure 4.10 with the two thin film arrangements. Moreover with the higher OD thin film,
more total photons are emitted, as noted by the increase in both the upconverted DPAS
PL and the QD PL peaks.

From these Monte Carlo simulations, the interactions of light management devices
including the thick LSC slab, thin film LSC on glass, specular mirror, and diffuse mirror
are examined to understand how to increase the absorption resulting upconverted PL from
the hydrogel. Both the addition of the bottom mirrors and a thick LSC slab increase the
absorption within the upconverting hydrogel due to the increased absorption path length
and spectral concentration effects. The use of the mirror in both geometric arrangements
increases the upconverted PL due to the increased absorption. The thin film LSC on
glass increases the upconverted PL only in the coplanar arrangement due to reduction in

reabsorption of upconverted PL as it propagates losslessly through the glass.
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Chapter 5

Future Work

5.1 Absorption and PL Enhancement of Patterned
Quantum Dot Solids using Nanoring Assem-

blies

Much of the simulated work looking at patterned QD solids in nanophotonic environment
explored absorption enhancement around 405 nm. The larger nanoassemblies examined
were chosen to examine larger area electromagnetic field enhancement, and were not tuned
to be resonant around 405 nm. Future work can examine smaller, aluminum nanorings
more closely tuned to 405 nm.

Another direction for future work is to examine PL enhancement around 630 nm. The
nanoassemblies can be tuned to be resonant around 630 nm to help outcouple the PL
out of the QD solids. These rings are larger and thicker than those tuned for absorption
enhancement around 405 nm. Moreover, other plasmonic metals such as gold and silver can

be used in this redder region of the wavelength spectrum.
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Another option is to use nanoellipses tuned to two different wavelengths. [154] By
varying the major and minor axes of the ellipse, two different resonant wavelengths
can tuned to simultaneously target the absorption enhancement around 405 nm and PL
enhancement around 630 nm. The results from the nanoellipse work can be compared to

the nanoring results on the enhancement of absorption and PL.

5.2 Modeling the Response of a Gold Nanorod

Cluster Following Ultrafast Laser Illumination

One effect not accounted for in the changes in complex dielectric function upon laser pulse
absorption is the deformation potential from the strain in the lattice due to the changing
volume, as discussed in recent literature. [113] Recall the Lorentz-Drude oscillator model
(Equation 3.4 on page 42). The increase in size causes lattice strain, which affects the band
structure within the nanoparticle. This shift in the band energy 6 Fy ,,, can be approximated

as:

1%

where &, is the deformation potential and the fractional change in volume can approximate

the strain. This causes shifts in the oscillator frequencies, wp ;,, which is approximated as:

new 0Eo m Em OV
wWo,m (T) = wo,m + 7 = wo,m + fv (52)

Finally, this new spatial dependent oscillator frequency can be integrated over the volume of
the nanosphere to determine the permittivity of the gold while accounting for the strain in
the lattice. This requires determination of the deformation potential for the five oscillator

frequencies in Lorentz-Drude model used in this work.
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5.3 Upconversion Enhancement using Lumines-

cent Solar Concentrators and Mirrors

With the thin film LSC system, different thin film LSC thicknesses and optical densities can
be examined to maximize the upconverted PL from the upconverting hydrogel by balancing
the increased absorption of incident light and the spectral concentration of light onto the
hydrogel against the reabsorption of upconverted PL in the LSC.

Another method to improve both the thick LSC slab and thin film LSC systems is the use
of a long pass mirror to prevent upconverted light from entering the LSC. By placing a long
pass mirror between the upconverting hydrogel and LSC, the reabsorption of upconverted
PL by the LSC can be reduced. This prevents the upconverted PL from entering the LSC
while letting the longer wavelength, spectrally concentrated PL from the QDs in the LSC
enter the hydrogel. By limiting one pathway for reabsorption losses of upconverted PL,
the resulting upconverted PL can be increased further to achieve higher PL enhancement

factors.
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