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ABSTRACT OF THE DISSERTATION

Elucidating the photonic and electronic interactions
of cesium lead halide perovskite nanocrystals

for advancing photonic devices

by

Lindsey Ellen Parsons
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2025

Professor Carissa Nicole Eisler, Chair

Our global energy demands are ever-growing due to technological innovations such as the
implementation of artificial intelligence in our everyday computing or the surge in quantum information
technologies. Likewise, the realization of advanced, high-efficiency energy sources and energy utilization
is preceded by developments at the device- and material-level that harness previously unexplored physical
(chemical, electronic, photonic) control. Herein, I detail my investigation into angular photon management
strategies and the fundamental physics and chemistry of cesium lead halide perovskite nanocrystals
(CsPbX; (X=halide)) (LHP). The emergence of this class of nanomaterials has already set in motion
advances in solar energy technologies, light emitting diodes, and photonic qubits enabled by its exceptional
photoluminescence tunability, near-unity quantum yield, defect tolerance, and unusually tunable excitonic

response.
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I explore the response of the out-of-plane transition dipole in CsPbX3 nanocrystals to local
electronic environment. The labile nature of the crystal allows us to induce an average orientation of
excitonic transitions ranging from 40£1°to 47+1° from the surface via substrate modification in a
morphologically isotropic nanocrystal thin film (theoretically 35.3° orientation). Further, I discuss the
directed self-assembly of confined LHP nanocrystals into ensembles with tunable orientational ordering via
liquid-air interfacial assembly and the resultant dipole orientations for face-to-face versus edge-to-edge
assembly (46+2° and 28+2°, respectively). Additionally, my simulation of a demultiplexing luminophore-
embedded photovoltaic module points to power conversion efficiencies of up to 31.7% (surpassing the
record Si cell efficiency of 27.4%) while maintaining competitive device economics by use of a photonic
luminescent solar concentrator (LSC) and motivates the implementation of anisotropic emitters.

By evolving nanoscale chemical and physical control as elaborated here, we can improve a suite of
photonic technologies like sensing, solar, communication, quantum information, lighting, and integrated
circuits. Application of new physical insights paired with rational device design will be key to addressing

the current global energy climate.
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L. INTRODUCTION

Our ever-growing energy needs in the age of the Internet of Things, now-ubiquitous large language
artificial intelligence models, soaring cooling and refrigeration demands, and quantum computing,
necessitate rapid developments to the field of optoelectronics. Calls for research attempt to meet this goal:
for example, a 2011 program called SunShot established a federally funded research-based effort to
eliminate technological barriers to solar energy and reduce the cost of solar below $0.06 per kilowatt hour
by 2020, which was met in 2017. By 2030, they aim to reduce the cost of solar below $0.03 per kilowatt
hour.! Currently, a bill sits before the U.S. Senate Committee on Energy and Natural Resources, the DOE
Quantum Leadership Act of 2025, which would expand quantum research funding over the next five years
including quantum computational science, quantum sensing, quantum communications, and materials
science and engineering.? Simultaneous innovation of efficient and renewable energy sources and efficient

device technologies is required to relieve the global energy strain.

a. Light directionality and optical device efficiency

Light direction (angle) and emitter quantum yield are determinant to the ultimate efficiency of an
optoelectronic device. Improving quantum yield, or the efficiency of converting from an electron to a
photon or vice versa, has been a primary focus of study, but with the development of emitters with near-
unity quantum yield,® photon management emerges as a key limitation to higher efficiency devices.
Outcoupling/trapping efficiency is limited by refractive index in bulk materials, but improvements are
possible using nanoscale manipulation of light and interfaces.*® For example, in an LED, outcoupling of
light should be maximized such that light is directed to the escape cone, or the range of angles where
emission is not subject to Total Internal Reflection. However, the maximum efficiency for planar LEDs
still lies around 20%.7® In order to surpass this limit, an approach from the nanoscale is required.
Nanopatterning or scattering has been identified as one route to improve outcoupling, as well as the use of
anisotropic emitters that preferentially direct light into the escape cone.””!! Another example of how angle
manifests in device efficiency is the solar efficiency gains that are reported by use of a concentrator.!? By
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redirecting and concentrating light beyond one sun, the conversion efficiency of a photovoltaic may be
improved (e.g. 29.1% vs 30.8% for GaAs).'> Additionally, for solar applications that use a flat plane
concentrator (Luminescent Solar Concentrator), the optical efficiency of the waveguide dictates what
conversion efficiency is possible by limiting the fraction of photons that may be sent to the photovoltaic.
Research suggests that the trapping efficiency may be improved by the use of wavelength-selective mirrors,
a photonic crystal waveguide, or controlled emitter anisotropy.>!>!* Thus, nanoscale control of light

directionality will be key to the next generation of optical technologies.

b. Semiconductor nanocrystals

One route to nanoscale light manipulation is semiconductor nanocrystals. Semiconductor
nanocrystals are revolutionarily bright emitters due to their enhanced exciton binding energy over bulk
materials. Quantum dots, or semiconductor nanocrystals whose sizes are at or below the confinement of an
electron (Bohr radius), were the subject of the Nobel Prize in Chemistry in 2023 due to their highly size-
tunable color.'> As such, they are now ubiquitous in applications from LEDs to sensing, medicine, and
beyond.'®

In 2015, Protesescu et al. '’ revolutionized the field of semiconductor nanocrystals by synthesizing
nanocrystals of lead halide perovskites by a colloidal hot injection method, which spurred interest in these
materials due to their high quantum yield and composition- and size-based color tunability, as well as their
relatively facile synthesis compared to other semiconductor nanocrystals (e.g. PbS, CdSe). They are
semiconductors with an ABX3 crystal structure where A is an organic or inorganic cation, B is a metal
cation, and X is a halide anion. The octahedral lattice formed by BX; can tilt, resulting in a labile crystal
nature and cubic, tetragonal, and orthorhombic crystal phases. The A site can incorporate large organic
cations up to a certain size, beyond which the A site will confine the crystal to two dimensions, resulting in
A;BX4 stoichiometry. Figure 1.1 shows composition-based color tunability across the entire visible range
delivered by Protesescu et al.!” and perovskite crystal structure in three dimensions.'® Since 2015,
perovskite nanomaterials of varying compositions (i.e. A = Cs*, methylammonium (MA™), formamidinium
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(FA™); B=Pb", Sn,"; X = Cl-, Br-, I-) and morphologies such as nanocubes, nanowires, and 2D nanoplates
171921 have been synthesized in this rapidly expanding research area. In application, they already show
promise for lighting,” encryption, solar,** laser,?® sensing,””?® scintillation,” and now quantum

30-32

information technologies’” >, and the annual number of research publications with the keyword

‘perovskite’ has more than tripled (Figure 1.2).

(b) o ®
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CsPbX, (X=ClI, Br, 1) nanocrystals
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S X=Cl.Br.I

Figure 1.1. (a) Perovskite nanocrystals across the visible spectrum. Adapted from Protesescu et al.!” (b)

Crystal structure of 3D perovskite. Adapted from Sheehan et al.'
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Figure 1.2. Frequency histogram displaying number of publications with the keyword ‘perovskite’ over

time. Data derived from Clarivate Web of Science.??

Additionally, inorganic lead halide perovskites (CsPbX; (X=halide)) (LHP) nanocrystals have

34-37

exhibited desirable properties such as remarkably high quantum yields, quantum coherence and

3841 42-45 18,4648

quantum optical properties, single photon emission, , large exciton binding energies, and

superfluorescence.***-32 Notably, they have exhibited unique electronic tunability,***? demonstrating a
response by their electronic dipoles to surface charge redistribution.?>334 This effect is attributed to their

55-57

labile and ionic crystal nature, which also presents a unique challenge in preventing dissolution or

degradation of these highly sensitive materials. While efforts have been made towards improved surface

functionalization and encapsulation,’” ¢

robust and cost-effective implementation strategies remain a
challenge. Demonstrating exciting potential to address the grand materials challenges of next generation

devices;* we are motivated to further study the structure-property relationships and the mechanisms of the

unique optical behavior in this young class of materials.



¢. Luminophores, directional light emission, and transition dipole moment

The electronic transition dipole moment is used to describe the directional emissive behavior of
luminophores. It is a convention which describes the angle between the plane of the surface and the vector
of an electronic transition (Figure 1.3). The effective transition dipole moment (TDM) or dipole orientation
factor in a thin film of emitters dictates angular light emission (along with the photonic density of states
(PDOS) and refractive environment) by the generation of an electric field normal to the vector of the

transition.*

TDM

Figure 1.3. Electronic transition dipole moment

Films of traditional emitters of an isotropic shape (such as CdSe quantum dots) have equal dipole
contributions along two in-plane and one out-of-plane axes, which corresponds to a TDM of 35.3°
(isotropic).®> Asymmetric confinement can reduce or eliminate dipole contributions along the axis of
confinement.®® The resulting light emission is reshaped at an interface. However, recent work showed that
for perovskite nanocrystals, the out-of-plane (vertical) dipole contribution is exaggerated on most substrates
for both isotropic (nanocube) and anisotropic (nanoplate) structures.?>**** For example, on glass, the TDM
of CsPbBr; nanocubes is 47°.%° For the polarized emission cross section which is shown in Figure 1.4, this
corresponds to a 7% increase in waveguided emission modes for the same PDOS at an air-glass interface

over isotropic emission. On glass, the TDM of CsPbBr3 nanoplates, which are asymmetrically confined in



the out-of-plane direction, is 29°.?? This corresponds to a 3% decrease in waveguided emission modes for
the same PDOS at an air-glass interface as compared to isotropic emission.

(@) (b) (c)
traditional isotropic emitters perovskite nanocubes perovskite nanoplates

OoP

OoP
OoP

P

47°
on glass

P 29°
on glass

DIPOLE
CONTRIBUTIONS

EMISSION
MODES

Figure 1.4. Prior Literature. Dipole contributions and emission (which is reshaped at an air-glass
interface) for (a) traditional isotropic emitters with equal in-plane (IP) and out-of-plane (OP) dipole
contrbutions,® (b) perovskite nanocubes with an enhanced OP dipole contribution on glass,** and (c)
perovskite nanoplates with an enhanced OP dipole contribution on glass given the confinement along the

out-of-plane axis.??

d. Key metrology: Back Focal Plane Fluorescence Microscopy

Measuring angle-resolved light emission

The electronic characterizations throughout this work rely on an uncommon type of microscopy,
Back Focal Plane Fluorescence Microscopy (BFPFM), or Fourier plane imaging, where an achromatic
doublet, or Bertrand lens, modifies the emission signal such that 3D angular emission is projected onto a
2D spatial plane (Figure 1.5 (a)). Thus, by changing a microscope focus from the sample plane to the Back
Focal Plane within an objective, we can directly image the angular emission of a luminescent sample.?>5%¢7
This not only allows us to interrogate the light pathways that would be observed in a device (Chapter 1I),

6



but also allows us to determine the alignment of emissive electronic states in our nanocrystal films (Chapters
III and IV).

In this work we built an inverted fluorescence microscope, including Back Focal Plane imaging
mode, according to the procedure described in Kurvits et al.®® Thin film samples were excited by 405 nm
continuous wave laser, and a wavelength-selective mirror (dichroic beamsplitter) was used to direct the
laser beam to the back of a 100x oil immersion objective through which the sample was excited. For spatial
imaging, fluorescence from the sample was collected by the objective and filtered by dichroic beamsplitter
to minimize laser signal to the detector camera. A tube lens coupled to the objective focused the signal onto
a CCD camera for collection.

To transform the setup to Fourier-plane imaging, a Bertrand lens was placed between the
beamsplitter and tube lens which changed the focal plane from the real-space sample to the Back Focal
Plane within the objective, creating a projection of the 3D angular emission pattern on the camera. ®® A
linear polarizer was also added, which is necessary to extract the average angle of electronic transitions

from the signal.
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Figure 1.5. (a) Schematic showing the transformation of angular emission into 2D momentum space, or
k-space via Bertrand lens. (b) BFPFM imaging setup where thin film samples are excited by laser at 405
nm (blue) and resulting emission is magnified 100x, linearly polarized, transformed to momentum space,
and detected by CCD. (¢) Examples of BFPFM signal for forward-propagating angular emission modes

versus parallel-propagating angular emission modes.

Modeling angle-resolved light emission to extract effective transition dipole moment
We define the dipole orientation factor (®) as the relative dipole strength (p) of in-plane or parallel

dipoles to all dipoles:



(4]
= _p||+m (1.1)

The orientation factor and effective transition dipole moment (TDM) are related by®*

TDM = arccos(/0) (1.2)

The angular light emission pattern from dipoles within a thin film of emitters can be described by
a three layer model where the top layer (n,) is air, the middle layer (n,) is the emissive film, and the
bottom layer (n3) is the glass substrate.?>7*7! The horizontal dipole contribution along x is eliminated by
linear polarizer in experiment, which allows us to decouple horizontal and vertical dipole contributions
when fitting to experimental data. Polarized light emission intensity projected onto a 2-D collection plane

(Npo1) as a function of photon momentum vectors along the x- and y-directions (ky, k) is defined as:*"!

1 .
NPk ky) = C |5 (phy + pin) cOS2(TDM) +p, sin(TDM) | (1.3)
or, in terms of orientation factor:
1
NP (ky ) = C |5 (phs + pin)® +php(1 - ©) | (1.4)

where C is a normalization constant. piy’, pis®, pop” are photonic density of states in the s- and p-polarized,
in-plane and out-of-plane directions governed by the thickness, refractive index, and emission wavelength

of the emissive layer. Density of states in each direction are given by:
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A is the wavelength of the emitted light, n; is the refractive index of layer i, tfj and rilj are the Fresnel

transmission and reflection coefficients between layers i and j for /-polarized light, and D is the thickness

of the emissive layer. The Fresnel coefficients for s and p polarized light are given by?>%¢

2 2
Zninjkzi .S . 2ky 'T'-p — M r_p = @ (110)

p
t.. = g = .= =
tj njz-kzi+ni2kzj’ ) kzi+kzj' t njz-kzi+ni2kzj' tj kzitkzj

We note that light emission in polar coordinates (N*°'(8, ¢)), where 8 is the polar angle and ¢ is

the azimuthal angle, is related to light emission in k-space by
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ky = konsz sin sin (¢p) sin sin (8) ; k,, = kons sin sin (¢p) cos cos (8) (1.11)

This model for emission signal is compared to our measured BFPFM data, and the effective TDM of best

fit is determined by %2 minimization according to the procedure described in Russ et al.”

e. Overview of the dissertation

Here, I first explore the consequences of angular control in an example device, a luminescent solar
concentrator; however, I quickly encounter the limits of efficiency gains afforded by an anisotropic
refractive environment. These limits can be addressed by tuning the emission anisotropy of the emitter
itself, motivating the bulk of this work. Thus, I move to explore two methods by which angle of light
emission can be tuned and aligned in thin films of perovskite nanocrystals.

I expand on the optimized photonic luminescent solar concentrator+InGaP/Si dual junction solar
module design proposed by Eisler et al.”® to maximize conversion efficiency via optimizing device
dimensions and luminophore concentration. My model simulates realistic optical losses of the photonic
crystal waveguide and predicts module conversion efficiencies over 31% while maintaining cost
competitiveness with single junction Si cells on a $/W basis. I expand the model to predict the potential
efficiency payoff of incorporating anisotropic emitters. My ray tracing Monte Carlo simulation of an LSC
gives design targets for luminophore quantum yield and trapping efficiency needed to reach 100x and 500x
effective concentrations using a flat plane concentrator. This makes a case for expanding research efforts
to improve waveguide trapping efficiency via anisotropic luminophore emission.

I synthesize cesium lead bromide perovskite nanocubes using in-air methods and report a
nanocrystal cleaning procedure to maintain size-tunability observed in synthesis and morphological purity.
I characterize the conformality (coverage, roughness) of CsPbBr3; nanocube films on treated substrates and
measure their angular emission signal. I induce a change in the effective transition dipole moment, which

drives angular light emission along with the photonic density of states and refractive environment, by more
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than 15% (47+1° to 40+1°) for films of identical composition and morphology by modulating the work
function of the substrate.

I report a protocol for controlled face-to-face and edge-to-edge assembly of CsPbBr; nanoplates at
the liquid-air interface. This control boasts manipulation of the effective transition dipole moment from
46+2°(edge up) to 28+2° (face down) by switching the axis of confinement from in-plane to out-of-plane.
Finally, I demonstrate how this assembly method can be applied to other morphologies (nanocubes;
nanoplates with aspect ratio >>100 nm) of CsPbBr; nanomaterials. The work elaborates three approaches

working in concert in pursuit of advanced angular photon control (Figure 1.6).
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Figure 1.6. Schematic overview of the dissertation. (a) Simulations of a photonic crystal waveguide LSC
module suggest efficiencies as high as 31.7% are possible for isotropically emitting luminophores. (b)
The characteristically enhanced vertical dipole contribution in perovskite nanocrystals can be modulated
by changing the substrate, resulting in an effective transition dipole moment ranging from 47+1° to 40+1°
for a film of isotropically shaped nanocrystals. (c) Lightly confined perovskite nanoplates can be directed
into edge up or face down assemblies such that the effective transition dipole moment is modulated from

46+2°(edge up) to 28+2° (face down).
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I1. PHOTONIC LUMINESCENT SOLAR CONCENTRATOR DESIGN FOR HIGH

EFFICIENCY, LOW COST MULTIJUNCTION PHOTOVOLTAICS

Abstract

Photovoltaic conversion is most efficient when 1) absorbed photons are close to the bandgap energy
of the semiconductor and 2) the difference in the angular spread of light between the source (sun) and
converter (solar cell) is minimized. Thus, binning and concentrating the solar spectrum into multiple
junctions delivers record efficiencies. A luminescent solar concentrator is a thin, flat, optionally
wavelength-selective waveguide that concentrates light by leveraging total internal reflection modes. This
device utilizes both color sorting and concentration to maximize efficiency. However, they are historically
inefficient due to the compounding nature of their optical losses.

Nanophotonic light management offers a solution to combat these losses by precisely controlling
the angle and direction of light to maximize collection to a specific area. This work aimed to show what
efficiencies may be possible for an optimized nanophotonic LSC tandem module and to identify the design
parameters needed to realize LSCs with competitive concentrations. Here, using modified detailed balance
calculations and accounting for losses due to spectral non-selectivity, quantum yield losses, escape losses,
and reabsorption losses, we predicted up to 31.7% conversion efficiency for the tandem module proposed
herein, with the same $/W cost estimate as a single junction silicon cell. Using a Monte Carlo ray tracing
model of an LSC, we showed that for trapping efficiencies of 90% and luminophore quantum yield of 90%,

LSC concentrations of 100x may be possible.
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a. Luminescent solar concentrators for cost competitive, high efficiency solar cells

A detailed balance gives a fundamental limit on power conversion efficiency of 33.1% for a single
junction solar cell.”* The bandgap of the absorber dictates this limit: all photons below the band gap are not
absorbed and all photons above the band gap are not converted efficiently as any excess energy is
immediately dissipated as heat.* Additionally, there is an entropic loss from the difference of the solid angle
of incident sunlight (0.2 deg?) and the radiative emission of the semiconductor (isotropic), as well as from
the quantum efficiency of the absorber. Figure 2.1 shows the cumulative effect of these losses on efficiency.
In 2024 the highest reported silicon cell efficiency was 27.4%, and the highest reported GaAs cell efficiency
was 29.1%'>—already approaching the fundamental limit. Thus, to make significant advances in efficiency,

we need to move beyond the single junction cell design.

Problem Solution
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Figure 2.1. Thermodynamic loss mechanisms in a solar cell. Adapted from Polman et al.*
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Multijunction cells can surpass the Shockley-Quiesser limit by reducing thermal losses that occur
when energy is wasted above the bandgap and absorbing light over a broader spectrum. 7 In practice,
efficiencies as high as 34.6% are reported using perovskite/Si subcells (2 junctions), and this increases to
38.8% for 5 junctions (without concentration).!?

Light concentration can also be used to effectively improve conversion, delivering more photons
to a smaller area. Additionally, it has the potential to significantly reduce cost by reducing the amount of
material. This is particularly necessary for multijunction cells that employ expensive materials such as III-
Vs with a manufacturing cost 2 to 3 orders of magnitude higher than silicon.”®”” The theoretical upper limit
of concentration is 46,000x, but solar modules have reported effective concentrations up to 1200x (where
effective concentration is the geometric concentration scaled by concentrator efficiency) using optical
structures like lenses and reflective troughs.”®” Unfortunately, typical concentrating methods are
expensive, as these types of optics demand high precision glass and often require large trackers, which
limits where they can be used and further increases costs. While efforts have been made toward the fruition
of these designs for many years, and they have even been parts of major installations, * they remain largely
cost prohibitive. Thus, we must find an alternative that allows us to benefit from multiple junctions and
concentration that is cost effective and interfaces with current solar infrastructure.

Photonic Luminescent Solar Concentrators (LSCs) concentrate light by downshifting the sunlight
and trapping the isotropic photoluminescence signal. In an LSC, incident light is absorbed by a luminophore
and emitted at a redder wavelength. By taking advantage of the difference between refractive indices, some
wavelengths of incident sunlight and reemitted photoluminescence signal can be totally internally reflected
within the substrate (commonly a polymer or SiO,) and waveguided to the edge of the material, with only
a small portion of incident light being lost through the escape cone (angles at which incident light cannot
be trapped). This phenomenon results in the geometric concentration of light equal to the geometric ratio
of the incident area to the area of the sides of the device, where effective concentrations exceeding 10,000x
are theoretically possible. 8! Figure 2.2 illustrates the phenomenon of waveguiding and concentration via
LSC.
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Figure 2.2. (a) LSC waveguide diagram adapted from Bronstein et al.*? (b) Photograph of LSCs we

fabricated. Light propagates to the edge and is visibly concentrated.

Within such a device, optical losses mean that the practical performance limits are lower than the
thermodynamic maximum. The three main types of optical losses that limit performance are: non-unity
quantum yield, photon reabsorption, and escape losses. Quantum yield represents the ratio of photons
emitted to photons absorbed. Previous work has been done to combat this loss and pushed quantum yields
to near unity. >** Reabsorption, when a photon is absorbed and emitted more than once before exiting the
waveguide, may be combatted by increasing the Stokes shift between absorption and emission, tuning the
pattern of reflection, or organizing materials in terms of decreasing bandgap to reduce the potential for
absorption by a second luminophore after emission.®** Improving quantum yield has been a primary focus
of study, but with the development of particles with near-unity quantum yield, light trapping losses or
escape losses emerge as the primary limitation to higher efficiency devices. Moreover, Kutayiah et al.®’
asserts that without modifying waveguide modes towards a higher trapping efficiency, an LSC cannot
provide efficiency payoff in the case of the upper thermodynamic limit of solar cell efficiency. Thus, as we
move towards high efficiency devices, trapping-modified LSCs will be paramount. Figure 2.3 summarizes

potential losses within the device.
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Figure 2.3. Optical loss mechanisms in an LSC. Adapted from Gutmann et al.

One method to reduce escape loss is with an anisotropic refractive environment. Employing this
approach, conventional LSC designs reached a concentration factor of 30x when researchers improved the
device’s quantum yield and introduced light trapping by color-selective mirrors that reflected luminophore
fluroescence, reducing escape cone losses.!'* While this 30-fold concentration represents an important stride
in luminescent concentrator technology, achieving concentrations approaching those in typical
concentrating solar modules (~1000x) becomes increasingly difficult even when using fluorescence
trapping mirrors. The mechanism of light trapping requires many reflective events for a photon to reach the
edge of the device, and this is only magnified as concentration, and therefore geometric path length, is
increased. Adapted from Bronstein’s photon transport model,** Figure 2.4 (a) shows how even a very high
reflectivity of 99% leads to substantially diminished light trapping and an effective concentration below
100x (geometric concentration 500x). Fabricating a reflective filter that maintains >99.999% reflectivity to
prevent dramatic LSC optical loss (LSC efficiency) will be prohibitively complicated and expensive to
realize.

One factor in the efficiency of a luminophore-embedded LSC is the trapping efficiency. For the
mirrored LSC described above, trapping efficiency is govered by both filter reflectivity and number of
reflective events for isotropic emission, resulting in rapidly compounding losses. By instead modifying the

mode of emission, we can improve trapping efficiency intrinsically. Thus, research has turned towards

18



investigating anisotropic emission, which can be achieved by directly using luminophores with anisotropic
emission tuned to bias emission towards the desired edge of the device.®?2336639 This can be achieved via
alignment of the emissive transition states in a material, which governs directional light emission (Chapter
[T and IV). Selecting for particles that can emit in a parallel mode to the LSC, we can reduce both the
number of reflective bounces and the photons lost to the escape cone. Figure 2.4 (b) shows how alignment

of emission modes towards parallel can improve light trapping within the device.'
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Figure 2.4. (a) LSC/waveguide efficiency of a device with a 500x geometric concentration as a function
of absorber quantum yield and filter reflectivity.®? (b) Light trapping as a function of effective
luminophore TDM alignment for Rlsurroundings =1, Rlwaveguise = 1.5. Inset shows the angle by which the

TDM is defined, which is between the substrate and the vector of the electronic transition '

This work shows that power conversion efficiencies of >30% are feasible by pairing alternating
refractive index materials embedded with luminescent nanocrystals with photovoltaic cells—this provides
an alternative to the typical multijunction cell. Additionally, simulation of an optimized LSC design shows
promising results for its performance in an LSC+InGaP-Si module, where the non-traditional concentrating
and spectrum splitting facets may yield performance strides beyond that of the standard silicon cell or even

other multijunction technology while maintaining cost-competitiveness. We also present a Monte Carlo
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simulation of LSC optical efficiency to further define characteristic LSC design principles and present
design targets for waveguide and material properties necessary to rival state-of-the-art concentrators
(>500x).” Combined, this work provides the foundation to model niche applications that require different

93,94

spectral optimizations such as greenhouse solar,”*? building integrated photovoltaics,”* or space-based

solar.?>%

b. Overview of the photonic LSC module

First, we investigate a specific luminescent solar concentrator tandem design with anisotropic light
emission. Tandem solar cell designs with silicon subcells are desirable because they achieve higher
efficiencies while leveraging the low cost and overwhelmingly dominant market share of silicon solar
cells.”””? While these cells can be efficient in practice (36.1%, 2024),'? tandem cells remain largely cost
prohibitive because of the expensive top subcell material. The design investigated here consists of an LSC
coupled to an InGaP subcell and an unconcentrated Si subcell underneath, as shown in Figure 2.5. By
coupling the top subcell to an LSC, a higher module efficiency can be achieved while minimizing the area
coverage of the expensive material (InGaP).

One strategy to achieve anisotropic light emission, and therefore a more efficient luminescent solar
concentrator, is by embedding the luminescent material within a nanophotonic structure or photonic crystal.
This reshapes the angular light emission strongly into Total Internal Reflection modes by introducing
constructive interference caused by periodic interfaces on the order of the wavelength of light.> 9%1%1 The
investigated design was a 100x (geometric)concentrating LSC that is a one-dimensional photonic crystal,
containing alternating layers of high and low refractive index materials. Previous work has identified two
pairs of refractive indices of the layers as design cases: nnigh = 2.1 and niew = 1.5 (low contrast) and npigh =
2.4 and niow = 1.5 (high contrast). FDTD simulations of low and high contrast photonic crystals predicted
a trapping efficiency of 74% and 89% respectively.” The low contrast case corresponds to SizNsand SiO»,
respectively, and is shown in Figure 2.5. Highly luminescent CdSe/CdS quantum dots are present within
the low refractive index layers, and their light emission preferentially couples into high angle modes which
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will be more efficiently transported to the InGaP subcell. Experimental and modeling work showed that
this design had reduced photoluminescence escape losses and reduced reabsorption losses, which would
make it a more efficient LSC when compared to a traditional design. 7 Because this design is a part of a
tandem cell, we must also evaluate the practical validity in the context of color management. The device
efficiency of the entire tandem cell will depend not only on how well the LSC concentrates and guides
visible light to the InGaP subcell, but also on how efficiently it transmits near infrared light to the silicon

subcell underneath.

(a)

(b)

PLSC

¥ , Si Subcell

Figure 2.5. Light management and quantum dot schematic. (a) Gray represents SizsN4 and red dots
represent quantum dots suspended in SiO,* (b) Geometric design schematic of LSC module design where

color indicates relative energies (dark red indicates infrared) 3

We first investigated the design parameters for a generic LSC+InGaP-Si tandem solar cell that
would be required to generate a conversion efficiency payoff over Si alone while minimizing the footprint
of the InGaP subcell via concentration to maintain cost competitiveness. We used detailed balance

calculations for an InGaP-Si tandem design under the AM1.5G Spectrum, which balances the incident and
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emitted photon flux to calculate the resultant current generated by the cell. The spectrum was split at the
bandgap of InGaP and assigned to a subcell such that constraints of concentration (the geometric ratio
between the Si and the InGaP subcell), concentrator efficiency (for photons above the bandgap of InGaP),
and the transmission efficiency (of photons below the bandgap of InGaP) could be determined. This design
has merit in surpassing conversion efficiencies of the single junction silicon cell at modest concentrator and
transmission efficiencies, and in the most optimistic cases could surpass a conversion efficiency of over
40%. Figure 2.6 shows coarse estimates of the sub module efficiencies, and the red dashed lines represent

an efficiency of 26.7%, or the highest reported Si cell performance (2021). 1%
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Figure 2.6. Coarse estimation of sub module efficiency for a generic LSC+InGaP-Si tandem solar cell at
selected geometric concentrations as a function of concentrator and transmission efficiencies. Dashed line
is 26.7% conversion efficiency, which was the highest reported single junction Si cell performance in

2021. 1

¢. Simulation of the photonic LSC module

We then apply this modified detailed balance calculation to optimize the specific design in Figure
2.5. For such a design, where transmission, absorption, and reflection spectra are modeled along with the
optical loss mechanisms of quantum yield loss, escape loss, and reabsorption, we hypothesized that thinner
waveguide designs would likely prevail. While a thicker waveguide containing more absorbers results in
more absorbed photons in the InGaP band, it is susceptible to optical losses inside the waveguide, and
delivery of low energy photons to the Si cell suffers due to increased reflection and absorption in the Si

band.
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In this simulation, light propagation through a stack of alternating layers is modeled using the
transfer matrix method. We obtain transmission, absorption, and reflection spectra for stacks of varying
numbers of layers and varying optical densities (i.e. varying amounts of CdSe/CdS quantum dots) using the
transfer matrix method. These spectra are used to modify the AM1.5G spectra: the resulting transmission
through the stack is sent to the Si subcell, the resulting absorption is used to calculate the light that is
concentrated and sent to the InGaP subcell, and the resulting reflection is directed back towards the sun and
therefore lost. Finally, these modified spectra are input to the modified detailed balance calculation to
determine the total efficiency of the LSC+InGaP-Si tandem solar cell. Figure 2.7 provides a flow chart of

the simulation procedure.

Transfer Matrix Method generates T, A, and R spectra for given OD and thickness.

.

‘ AM1.5G scaled by absorption spectrumis summed for
energies > Egjngap-

‘

AM1.5G is scaled by transmission spectrum.

PL spectrum for CdSe/CdS is generated and scaled by
quantum yield.

¥

‘

Spectrumis scaled by trapping efficiency raised to the
power of reabsorption events.

Detailed balance for Si cell using modified spectrum

.

Detailed balance for InGaP cell using modified

’ spectrum

X

Power for Si cell and InGaP cell are summed and scaled by incident power of AM1.5G to obtain sub module efficiency.

Figure 2.7. Overview of the modified detailed balance simulation for LSC+InGaP-Si tandem solar cell.
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Figure 2.8. Light ray propagation through a single layer

To understand the propagation of light through the LSC, we must account for the refraction that
occurs between each individual layer of the stack. We use the transfer matrix method for optics to model
light propagation including absorption. A schematic of rays within one individual layer (Figure 2.8)
illustrates this phenomenon. Using Fresnel reflections, the transfer matrix method uses the real refractive
index n and the imaginary refractive index k, which accounts for absorption within a material. The
imaginary refractive index is related to the absorption coefficient by Equation 2.1 and is used in layers

where absorbers are present.

k=2 @.1)

s

a is the absorption coefficient, and A is wavelength. For our simulation, absorption data from synthesized
CdSe/CdS quantum dots is used to calculate k. Absorption data is scaled such that a is the desired optical

density at 450 nm. We executed the transfer matrix method using the open-source optical simulation
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software OpenFilters ', which yielded transmission, absorption, and reflection as a function of wavelength
for LSCs of varying layers and absorber optical densities. The transmission-modified AM1.5G photon flux
is sent to the Si cell.

The next steps describe the method to determine the photon flux that is sent to the InGaP cell. The
absorption-modified photon flux above the bandgap of the CdSe/CdS quantum dots is summed and a normal
distribution centered at the bandgap energy of the material is generated. This is then scaled by the quantum
yield to account for photons lost in downshifting. Then, trapping and reabsorption losses are applied.

Reabsorption is modeled according to work by Olson '%: a correlation established by a random
walk simulation as a function of the density of absorbers present in the LSC and the average distance light
must travel to exit the LSC. The correlation for this system is given by Equation 2.2, where the coefficient
o, is obtained from their simulation and provided in tabular form as a function of the ratio of distance

between absorbers and the radius of the LSC,

N = a(§)2 (2.2)

where N is the number of reabsorption events, a is the simulation-resultant coefficient, r is the radius of the

LSC and / is the average step length, obtained from Equation 2.3 below,

__ In0.5
L= = (2.3)

where ¢ is the extinction coefficient and C is the concentration of absorbers. Reabsorption and trapping
efficiency is applied to scale the modified spectrum incident to the InGaP cell using the relationship given

in Equation 2.4.

Ntrapnew = ntrapN (2.4)
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With consideration for non-idealities and practical upper limits, the model discussed here allows
us to predict and understand the performance of an LSC-based architecture for tandem solar cell modules.
The LSC essentially modifies the spectrum incident to the solar cell. So, using this method to modify the
AMI1.5G spectrum for different given parameters (number of layers and optical density) we can then
perform a detailed balance calculation on each cell component.

We then combine these spectra with literature values for high performance but still realistic solar
cells (Table 2.1) into detailed balance calculations (modified from Warmann et al.!%) to determine the max
power output for each subcell of the module, which are assumed to be independent. The total efficiency of

the entire module using Equation 2.5,

_ PingaplW/cm?] + Pi[W/cm?]

Nsub module 01 W/cm? (2.5)

where Msub module 1S efficiency and P is the power output of each subcell. Varying different parameters gives
an estimate of the ideal optimum to maximize device efficiency, or in other words, balance the collection
efficiency of LSC and the transmission of lower energy photons to the Si subcell.

Table 2.1. Values used in modified detailed balance at each junction. '%

Si InGaP

E, (eV) 1.14 | 1.84

ERE 0.01 0.05

Absorption | 0.9649 | 0.8989

d. Resulting efficiencies for photonic LSC module
For the LSC+InGaP-Si tandem device design presented in Figure 2.5, we varied the number of
layers from 4 to 86 (or total LSC thickness from 0.0018 to 0.0745 mm) and the optical density of the

CdSe/CdS and quantified the expected resulting efficiency. Figure 2.9 shows an example of simulated
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transmission, absorption, and reflection spectra for a waveguide with 6 layers, low contrast device design,
and optical density of 1. Note that lower energy photons are transmitted while higher energy photons are
absorbed, which will maintain high spectral efficiency, ensuring that high energy photons are directed to
the higher bandgap InGaP subcell while low energy photons are transmitted to the lower bandgap Si subcell.

Note also that reflected light is lost upon incidence.

— InGaP band—— : —— Si band

100

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2.9. Transmission, Absorption, and Reflection spectra for a 6-layer, low contrast device design

with an absorber optical density of 1

Figure 2.10 shows the parametric optimization for this design in the absence of optical losses
(quantum yield, trapping/escape, reabsorption) in the LSC beyond absorption. Here, we isolate just the
nonidealities in using a multilayer stack, resulting in a tradeoff between absorbing high energy light in the
LSC while still transmitting NIR light for the Si bottom subcell. For the lower and higher contrast case,
thinner devices with an optical density of 3 to 3.5 prevail. For a geometric concentration factor of 100x (i.e.
the Si subcell is 100x larger than the InGaP subcell), a maximum efficiency of greater than 37%—
surpassing both the record single junction silicon cell and InGaP/GaAs/Si multijunction cell

performance'>—is demonstrated for an optical density of 3 and an LSC thickness of 7.1 um in the low
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contrast case. In other words, this maximum is the result of a tradeoff between losses in spectral efficiency

and losses to reflection.

w

Optical Density
Optical Density

0.01 0.02 003 004 005 0.06 0.07 0.01 0.02 0.03 004 005 0.06 0.07
Device Thickness (mm) Device Thickness (mm)

Figure 2.10. Sub module efficiency for a 100x concentrating device with no optical losses where (a) nnign

= 2.1 and njow = 1.5 and (b) npigh = 2.4 and niow = 1.5.

Figure 2.10 represents a highly idealized LSC case. Next, we include realistic optical losses that
will result from the LSC. As perovskites and other semiconducting nanoparticles become more ubiquitous
and the limits of their performance are pushed higher, we can realize a device in which the quantum yield
is near-perfect. Experimental work by Hanifi et al.> demonstrates quantum yields of up to 99.6% in
CdSe/CdS core/shell nanoparticles. Based on their reporting, our initial model makes a conservative
estimate of absorber quantum yield at 98%. When accounting for a less than unity quantum yield in our
model, we see a uniform depression of efficiency for all parametric variations because a fraction of all
absorbed photons are lost to non-radiative emission. Because the quantum yield does not change the spectral
characteristics of the luminophores, the same parameters produce an optimum, where the maximum

efficiency is reduced to 36.5%, demonstrated in Figure 2.11.
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Figure 2.11. Sub module efficiency for 100x device with 0.98 absorber quantum yield where (a) nnigh =

2.1 and njow = 1.5 and (b) nnigh = 2.4 and niow = 1.5. No escape or reabsorption losses are yet modeled.

In the simulations for Figure 2.10 and 2.11, which are agnostic of the FDTD modeled trapping
efficiency for the high and low contrast design,”® the low contrast design has prevailed due to decreased
reflection losses and improved spectral efficiency. However, accounting for the trapping performance in
each design represents another optical loss in which the higher contrast case is expected to prevail, with a

trapping efficiency of 89% over 74% for the low contrast case. The result is shown in Figure 2.12.
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Figure 2.12. Sub module efficiency for 100x device with 0.98 absorber quantum yield where (a) npigh =
2.1, now = 1.5, and Neap = 0.74 and where (b) npigh = 2.4, niow = 1.5, and Nap = 0.89. No reabsorption losses
are yet modeled. The high contrast case now surpasses the low contrast case due to reduced escape losses.

Note that the colormap range is from 1 sub module = 20% t0 1 sub modute = 32%.

Reabsorption is another major loss mechanism for LSCs. Reabsorption is the absorption of a photon
by another instance of the same absorber, which risks again quantum yield losses and escape losses as well
as further downshifting. Figure 2.13 shows how the number of reabsorption events can vary with thickness,
concentration, and optical density. Reabsorption is a function of LSC radius (via geometric concentration
and thickness) and absorber optical density. The likelihood of an emitted photon encountering and therefore
being reabsorbed by another quantum dot increases as the radius of the LSC increases (and thereby the
device thickness in order to maintain the same geometric concentration) and as optical density increases;

this is simply because there are more quantum dots to be encountered as a photon propagates.
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Figure 2.13. Reabsorption events for low contrast LSC (a) with optical density 0.5 and (b) with 8 layers

Figure 2.14. shows the resulting expected efficiency of this LSC+InGaP-Si design including the
realistic LSC optical losses (measured quantum yield 98%, reabsorption). For the case in which the high
RI was nnigh = 2.1 and the low RI was niow = 1.5, our modified detailed balance model predicts a maximum
efficiency of 28.1% (Figure 2.14 (a)). For the ideal design case where npigh = 2.4 and the low RI was niow =
1.5, we predicted a maximum efficiency of 31.7% (Figure 2.14 (b)). For a 100x concentration factor, this
optimum occurs at an optical density of 3 to 3.5 and at low device thicknesses, which reduce the risk of

optical losses and spectral losses due to undesirable reflection and absorption of near infrared light.
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Figure 2.14. Simulated efficiency of the photonic LSC module. Multijunction cell efficiency (contours) is
plotted as a function of CdSe/CdS optical density at 450 nm (quantum dot concentration) and photonic
LSC thickness (number of layers). The efficiency is plotted for periodic structures (tiow = 100 nm, thigh =
210 nm) for a. npigh =2.1 (a) and b. npigh = 2.4. The low contrast case is capable of >28% efficiency, and

the high contrast case is capable of >31% efficiency. Note that the colormap range is from 1 sub moduie = 0%

to N sub module = 30%.

This maximum is the result of a tradeoff between losses in spectral efficiency and optical losses in
the LSC. If the optical density of absorbers is too great, a significant fraction of photons is lost to reflection
and reabsorption losses. If the optical density of absorbers is too low, too many high energy photons are
transmitted to the Si cell, which results in a diminished spectral efficiency. A similar effect arises for LSC
thickness: if the device thickness is too high, undesirable reflection and reabsorption occur. We have
demonstrated that a device efficiency of up to 31.7% is possible for our proposed spectrum splitting module.
Both designs prove competitive with high performing single junction Si cells, with a maximum reported
efficiency of 27.4%,'” and even approach some dual-junction InGaP/Si cells while being appreciably
cheaper by using less of expensive materials such as indium, as well as by the solution-processed nature of

the LSC itself.
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Preliminary estimates show that this design could be competitive on a $/W basis with the single
junction Si cell and could well out-perform a traditional InGaP/Si tandem cell. Literature reports a cost
estimate of the InGaP/Si tandem cell as $320/m?,”” and a cost estimate of the silicon solar cell is $90/m?.197
Cost estimates of comparable LSCs are $5/m?.!%® Scaling by conversion efficiency and the irradiation of
the AM1.5G per area, a preliminary $/W estimate of an InGaP/Si tandem cell is $0.94/W for a conversion
efficiency of 34%, and a silicon cell is estimated at $0.35/W for a conversion efficiency of 26%. To estimate
cost of our module, the cost of the InGaP subcell is scaled by the geometric ratio of the module, giving a

$/W estimate of $0.35/W for 31% conversion efficiency.

e. Expanding the model to anisotropic emitters

An ensemble of CdSe/CdS quantum dots will emit isotroptically. > We wanted to expand our model
to understand how anisotropic emission of the luminophore—coupled into the already highly anisotropic
waveguiding modes of a photonic crystal—could lead to conversion efficiency gains by boosting trapping
efficiency in the waveguide '*1%11°, Figure 2.15 shows that for the low RI contrast architecture studied
above, trapping efficiency improvements could boost sub module efficiency more than 6.5% beyond the
studied optimum of 28%. Trapping efficiency of 90% could result in a sub module efficiency >31%, and a

trapping efficiency of 95% could result in a sub module efficiency >34.5%.
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Figure 2.15. Effect of trapping efficiency and device thickness on sub module efficiency for the specific

topology of the previous section, where OD =3, QY = 98%, nnigh = 2.1, and niow = 1.5

Mulder et al.'* describes how dye (emitter) alignment, which is described here as the TDM or
effective angle of electronic transitions in a material, can improve trapping efficiency. Figure 2.16 shows
sub module efficiency design spaces that arise from reported trapping efficiencies in a single layer
waveguide'* corresponding to horizontally aligned emitters (forward-propagating light modes), isotropic
emitters, and vertically aligned emitters (parallel-propagating light modes). Note that trapping efficiency

improvement is expected for a photonic crystal waveguide over a single layer waveguide.
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Figure 2.16. Sub module efficiency for a 100x concentrating device for trapping efficiencies equivalent

to a. horizontal (ntrap=66.2%), b. isotropic (ntmp=74.5%), and c. vertical TDM aligment (ntrap=91 .1%) in an

isotropic medium, according to the relationship of emitter alignment and trapping efficiency developed by
Mulder et al. '* Note that an aligned emitter within a stack design can be optimized to show further

enhancement of trapping efficiency.

We observe significant improvements to our predicted efficiency (increased sub module efficiency
by 7.8% efficiency using vertical over horizontal emitters) when we consider how trapping can be promoted
within our device. Vertically-aligned emitters have the potential to magnify the effects of successful light

management by the LSC.

f. Ray tracing model for photonic LSCs

We were interested in understanding how other high-performing luminophores might enable
concentration gains beyond 100x in waveguiding photonic LSCs. Hence, we leveraged a Monte Carlo ray
tracing simulation to model the propagation, absorption, optical losses, and collection of a limited number
of photons (10,000) in thin film waveguides.
The model assigns photons to discretized positions across the LSC, as well as an initial direction (up, down,
left, right) inside the LSC. To assess the photons at each node at each arbitrary timestep, a probability is

randomly generated that dictates whether the photon will move to a neighboring node, be collected by
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reaching the edge of the LSC, or be absorbed and potentially lost by quantum yield or escape losses

according to the decision tree in Figure 2.17.

LSC Grid Size, # Photons, Geometric Concentration, Quantum Yield (QY), Trapping Efficiency (n,), Absorption
Coefficient are defined

I Photons are randomly incident to LSC grid and their direction is randomized in two dimensions. l
[ Each photon is assessed at each location. I
I non-edge cases I [ edge cases ]
not absorbed absorbed. chance of collectable reemission is not absorbed absorbed. chance of collectable reemission is
QY* Nygp QY* Nyop
Photon moves in . - Assigned Assigned . !
assaned diection collectable not collectable directed directed collectable reemission. not collectable
within LSC. reemission. 2D is non- is edge. 2D direction is @
direction is edge. randomized.
= =
Photon Assigned Assigned
Photon moves in movesin directed directed
assigned direction assigned is non- is edge.
within LSC. direction edge.
within —am
LSC.
Photon
moves in
assigned
direction
within
LSC.

Figure 2.17. Monte Carlo simulation procedure

Once no photons remain inside the LSC (all either lost or collected), we calculate a collection

efficiency nc.n, which is defined as

photons collected
n = 2.6
coll ™ “incident photons (2.6)

Multiplying by geometric concentration gives an effective concentration for the LSC.
We report resulting effective concentrations for a photonic waveguide of varying geometric

concentrations, quantum yields, and trapping efficiencies with a fixed luminophore absorption coefficient

o= 0.01 (Figure 2.18).
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Figure 2.18. Effective concentration factor for a photonic waveguide with luminophore quantum yield of

(2) 90% (b) 95% and (c) 99%.

This simulation demonstrates the dramatic loss in effective concentration that occurs for non-unity
trapping efficiency and quantum yield, exaggerated further at very high geometric concentrations where
losses are compounded. Achieving a concentration of 500x using a luminophore embedded LSC would
require >99.9% trapping efficiency even with a >99% luminophore quantum yield. Our results suggest that
with a very high performing but realistic’ luminophore (>90% quantum yield), and excellent yet realistic'?
trapping (90%), a 100x concentration may be obtained. This motivates further studies to engineer improved
trapping efficiencies in such devices by advanced mechanisms such as anisotropically emitting

luminophores and photonic crystals (Chapters III and IV).

g. Conclusions and outlook

For waveguiding devices, the path towards highly efficient conversion and highly concentrating
devices lies in delivering near-perfect trapping efficiency. As we have demonstrated here, these efficiencies
can be facilitated by aligned anisotropic luminophores. Semiconductor nanoparticles are an excellent
luminophore candidate for solar applications because of their capacity for directivity and color
management.

Success of such a device and the success of a new generation of transparent optics is contingent

upon consideration for waveguiding properties as well as photonic properties of our absorbers.!!! Such LSC
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designs must take advantage of luminophores’ (semiconductor nanoparticles) ability to absorb and
directionally emit photons. This model motivates the following chapters, which elaborate the fundamental
and tunable ability of LHP nanocrystals to selectively emit across a range of angles as a function of dipole
orientation factor (0=0.78 to @=0.47).!'2!13 With this control, photon management and spectrum splitting

technology is possible.
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1. TUNABLE ANGULAR LIGHT EMISSION OF LEAD HALIDE PEROVSKITE

NANOCRYSTAL THIN FILMS VIA SOLUTION-PROCESSED SUBSTRATE TREATMENT

Abstract

Lead halide perovskite (LHP) nanocrystals have demonstrated a significant electronic response to
their local environment due to their ionic lattice nature. Here, we demonstrated their tunable dipole
alignment via solution-processed methods. We synthesized LHP nanocubes and nanoplates in air and
characterized them by UV-vis spectrophotometry and Transmission Electron Microscopy. Using Atomic
Force Microscopy, UV-vis spectrophotometry, and Back Focal Plane Fluorescence Microscopy, we
characterized thin films of nanocubes on untreated glass, nano-roughened glass, and polymer film
(polymethyl methacrylate, PMMA), as well as a perovskite nanocubes-nanoplate binary film on etched
glass. Most notably, the dipole orientation factor can be modulated from 0.47 to 0.59 (effective transition
dipole moment angle from 47° to 40°) by using glass or PMMA, respectively. Understanding the tunable
anisotropic transitions in these materials at the nanoscale is required to control light emission into specific
modes, which will maximize efficiency in devices like LEDs, photovoltaics, and quantum information

technology.
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a. Background

The alignment and relative strength of emissive states determines the emission angle of light,
characteristic energy transfer, and the ultimate efficiency of any optoelectronic device.'*¢%!1* Either films
of randomly oriented emitters or of unconfined, isotropic nanoparticles are generally expected to yield an
isotropic dipole orientation (Figure 3.1 (a)-(c)).!"® In most cases (i.e. organic dyes, chalcogenide
nanoparticles), anisotropic dipole alignment—and therefore more exaggerated directional emission—is
achieved through the alignment of confined or anisotropically shaped structures (Figure 3.1 (d)-(e)).%%!1¢
Recent work showed that the alignment of the electronic dipoles within films of unconfined perovskite
nanocubes, which is expected to be isotropic, was tunable via changes to their local nanoscale environment

3334 often showing a more exaggerated vertical dipole component and

through substrate modifications,
therefore more oblique light emission. This effect was exaggerated as surface coverage decreased: sparser
films (particle assemblies <100 nm) showed even stronger vertical dipole components than their denser
counterparts (Figure 3.1 (f)).>® This trend was also observed in confined perovskite nanoplates, which
showed a higher vertical dipole than expected.? Studies of this electronic surface effect on perovskite
emitters are still limited, and the mechanism of this effect on their unique photophysics is not fully parsed.
Further, films with nano-structuring or texturing of the emissive layer are of interest as this has been shown
to improve light out-coupling efficiency.®!'”-!'® Thus, understanding this interplay of dipole alignment and
local environment will be key for maximizing optoelectronic device efficiency and accessing interesting

photophysical behavior especially for future devices with ever-decreasing size footprints.'12!
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Figure 3.1. Prior Literature. (a) A single emitter shows preferential emission normal to the dipole. (b) A

random ensemble shows isotropic emission. (¢) Adapted from Russ et al.”? Isotropic emission from a film

of CdSe/ZnS quantum dots on glass. (d) (left) Adapted from Marcato et al.'*> Qualitative description of

the result of molecular linearity on effective orientation (alignment) in organic dyes. (right) Adapted from

Kim et al.'?® The effect of molecular orientation in organic dyes on k-space (angular) photoluminescence,



where more linear dyes correspond to more in-plane dipole strength. (¢) Adapted from Gao et al.®
Alignment of CdSe nanoplatelets results in all in-plane dipoles (face down) versus equal contributions of
in-plane and out-of-plane dipoles (edge up). (f) Adapted from Jurow et al.?* CsPbBr; perovskite
nanocubes (isotropically shaped) show uniquely enhanced vertical dipole contribution (TDMV) as a

function of substrate choice and film coverage.

Herein we quantify the unusual electronic anisotropy that nano-structured films of lead halide
perovskite (LHP) nanocubes demonstrate in response to solution-processed substrate treatments. This
demanded detailed characterization of nanocube films—to reliably extract the orientation of electronic
dipoles from angular photon emission requires quantification of film thickness, quantification of particle
packing assembly, and monodispersity. We investigated four substrates: untreated glass (untreated), nano-
roughened glass (efched), insulating polymer film (polymer-treated), and perovskite nanoplate pre-
deposition (perovskite-treated). After depositing films of LHP nanocubes on each film, we quantified their
structural and optical properties by UV-vis spectrophotometry, Transmission Electron Microscopy (TEM),
Atomic Force Microscopy (AFM), and Back Focal Plane Fluorescence Microscopy (BFPFM). We
demonstrated that nano-roughening, which may increase surface interactions, ultimately had the same
enhanced vertical dipole response as untreated glass. However, the presence of bluer nanoplates, which
introduced energy transfer effects, showed slightly more in-plane dipole alignment, and depositing LHP
nanocubes on a polymer substrate yielded near-isotropic dipole orientation even for these sparser films. We
achieved a response by the effective transition dipole moment angle, which is determinant to the angular
emission of light, thereby accessing advanced photophysical control via a facile benchtop process and

expanding the library of materials to which perovskite nanoparticles uniquely respond.?*3->4
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b. Optimization of ligand-controlled CsPbBr; perovskite nanocube synthesis for subsequent optical
characterizations

Our first aim of the work was to generate morphologically pure, robust LHP nanocubes with narrow
size distributions so that we could decouple the unique effect of substrate-induced emission anisotropy in
these materials from the effects of particle anisotropy, polydispersity, or aggregation. LHP nanocubes were
synthesized via modified ligand-assisted reprecipitation (mLARP) adapted from Brown et al.'** Generally,
cesium carbonate was complexed with octanoic acid to form cesium octanoate. Lead bromide was
solubilized in toluene using trioctylphosphine oxide, and either octanoic acid or octyl phosphonic acid was
introduced at 0 to 0.6 M concentration, by which the shape and size of the nanocrystals could be tuned. The
cesium octanoate was injected in air at room temperature under constant stirring. Typically after 5 minutes,
a solution of didecyldimethyl ammonium bromide in toluene was injected to quench the reaction. The
colloidal product was cleaned and size-selected via centrifugation before further use. Because our study
necessitated bright, uniformly sized particles, we focused on optimizing the size-selection and cleaning
procedure as well as ligand selection and ligand concentration that delivered a bright, cubic morphology.

According to Brown et al.,'**

varying the concentration of the regulating ligand (octanoic acid
(OctAc) and octylphosphonic acid (OPA)), allows for the tunable growth inhibition of particle size and
therefore excitation wavelength. These ions bond to the surface of the nanocrystal during the reaction and
give control over particle growth rate with changing surface density. Additionally, ligand ratio provides
morphological control through a replacement reaction that occurs between cesium octanoate and octyl
phosphonic acid. The use of octylphosphonic acid (OPA) strongly coordinates both the A and B cations,
solubilizing PbBr; in toluene by complexing it with trioctylphosphine oxide (TOPO), and quenching
nanocrystal growth using a bulky didecyldimethylammonium bromide (DDAB) ligand for the highly size-
controlled formation of CsPbBr; nanocubes at room temperature. By further increasing the concentration
of octylphosphonic acid, more Cs(OPA) is formed as opposed to Cs(OctAc). Due to the hydroxyl group in
OPA, this complex hydrogen-bonds with trioctylphosphine oxide (TOPO) and increases ligand binding

strength, leading to a reduced nanocrystal diameter and growth towards a truncated octahedron morphology.
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Cs(OctAc) + OPA o (Cs(OPA) + OctAc 3.1

The reaction scheme is adapted as Figure 3.2 here to better visualize the multi-ligand system used. This
stepwise ligand system allows the nucleation and growth phases to be uniquely decoupled by controlling

precursor availability throughout the otherwise-rapid reaction. 19125

g 0cllcgeL TOPO &

TOPO
PbBr,

OPA

PbBr, OPA OctAc
Cs*
OPA®OS 10p0 TOPO
Nuclei diameter and growth Growth quenched

rate controlled by [OPA] with DDAB

Figure 3.2. Reaction scheme for CsPbBr; nanocrystals adapted from Brown et al. '** A system of
multiple ligands works together to solubilize precursors (octanoic acid (OctAc), tricotylphosphine oxide
(TOPO)), control precursor availability (TOPO, octylphosphonic acid (OPA)), and quench growth
(didodecyldimethylammonium bromide (DDAB)) throughout the room temperature synthesis leading to

monodisperse nanocrystals at room temperature.

We adapted this scheme for our purposes, employing OctAc/OPA and TOPO to regulate the
availability of precursor ions during the reaction; the ability to modulate the growth phase made this an
attractive approach. When the reaction was performed without OPA, OctAc concentration could be changed
to achieve modest tunability of emission wavelength, which was reflective of nanocrystal size due to

confinement effects. After synthesis, the particles were cleaned through a series of washing steps, where
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the product was centrifuged in antisolvent (here, ethyl acetate or methyl acetate) and the precipitate was
retained, then size selection steps, where the product was centrifuged in a favorable solvent (here, heptane)
and the supernatant was retained. The goal of cleaning was to remove any unreacted or excess reagents as
well as any aggregates and partially formed particles. However, after performing two cleanings as described
by Brown, '?* the photoluminescence (PL) wavelengths of the syntheses converged, resulting in a
diminished size tunability from changing ligand concentration (Figure 3.3). For 0 M, the center wavelength
redshifts from 520 nm to 523 nm upon cleaning. For 0.3 M, the center wavelength redshifts from 514 nm

to 522 nm, and for 0.6 M, the center wavelength redshifts from 511 nm to 520 nm.
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Figure 3.3. PL from CsPbBr; nanocubes synthesized under 0 M, 0.3 M, and 0.6 M OctAc. Each cleaning
consists of a washing step and a size selection step. Both cleanings blur/diminish the ligand-induced size

tunability.

To preserve size tunability achieved during synthesis, we modified the nanocrystal cleaning process
such that the center wavelength of the emission was maintained in the final product. Since size distribution

was controlled by the stepwise ligand system during synthesis, our cleaning attempted to preserve all
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particles except large, aggregated particles or partially formed particles of a different morphology, which
was observed by Brown et al.'** We found that by performing one cleaning instead of two, and by carefully
selecting the centrifugation time for size selection (30 s to 5 min), we observed preservation of the as-
synthesized emission wavelength and no undesired alternative particle morphologies on TEM.
Subsequently, one cleaning (antisolvent wash in methyl acetate and 60 second centrifugation in heptane for
size selection) was performed. Figure 3.4 gives PL curves for our product at each stage of cleaning,
demonstrating preservation of the desired emission wavelength throughout the washing process. For 0.6
M, the center wavelength redshifts only slightly, from 519 nm to 520 nm, and for 0.3 M, the center

wavelength at 518 is maintained.

first cleaning
MA wash)

PL (arb. units)

first cleaning
size selection)

460 480 500 520 540 560 580
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Figure 3.4. PL from CsPbBr; nanocubes synthesized under 0.3 M and 0.6 M OctAc. For one cleaning
step instead of two, and for a 60 second centrifugation for size selection, the as-synthesized emission is

maintained.

Finally, Brown et al.'** reported a consistently higher photoluminescence quantum yield for

particles synthesized using OPA as opposed to OctAc. Generally, OctAc led to the formation of cubes and
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use of octyl phosphonic acid led to the formation of hexagonal to truncated octahedral particles (based on
projection) due to steric effects and binding motif of OPA. For the same molar concentration (0.3 M), the
enhanced ligand binding energy of OPA resulted in bluer hexagonal nanoparticles as opposed to OctAc-
synthesized nanocubes, with emission at 517 nm versus 524 nm respectively. This difference of shape
changed the packing, as shown by TEM, which for subsequent electronic characterizations, would change
the effective refractive index and degree of electronic interaction between neighboring particles. Notably,
corroborated by Brown, for an OPA concentration of 0.6 M, the nanoparticles maintained a cubic
morphology as opposed to the hexagons or truncated octahedrons observed at lower OPA concentrations,
and when the reaction time was shortened from 5 minutes to 30 seconds, we obtained small cubes with
emission at 503 nm. Figure 3.5 (a)-(b) shows absorbance and photoluminescence of nanocrystals
synthesized with octanoic acid, and confirmation of the expected cube morphology from TEM, while Figure
3.5 (c)-(d) shows absorbance and photoluminescence as well as TEM of nanocrystals synthesized with 0.3
M octyl phosphonic acid of hexagonal morphology. Figure 3.5 (e)-(f) shows absorbance and
photoluminescence as well as TEM of nanocrystals synthesized with 0.6 M octyl phosphonic acid of cubic
morphology (30 second reaction time). Figure 3.5 (e) shows photoluminescence tunability for many
concentrations of OPA. The overwhelming trend is that increasing OPA allows us to tune for smaller
particles with higher energy photoluminescence (from 524 nm to 511 nm) due to confinement effects. The
0.4 M and 0.2 M synthesis batches were redshifted and did not agree with the trend that increasing ligand
concentration blue shifts photoluminescence. This error was attributed to potential contamination during

reaction, as each synthesis was performed sequentially from each other.

47



(9) T T

—06M

PL (arb. units)

0 450 550
Wavelength (nm)

)
" o

ABS (A.U.)
PL (arb. units)
PL (arb. units)

0.3M

OPA

350 450 550
Wavelength (nm)

1040.6 M ]
Sos OPA
<os
2
D o4

02

0.0

350 5 550

450
Wavelength (nm)

PL (arb. units)

Wavelength (nm)

Figure 3.5. Absorbance and PL and TEM for CsPbBr; (a)-(b) nanocubes synthesized with 0.3 M OctAc.
(c)-(d) hexagonal nanoparticles synthesized with 0.3 M OPA. (e)-(f) nanocubes synthesized with 0.6 M
OPA for a shortened reaction time of 30 s. (e¢) PL showing OPA ligand-tunable spectral tunability,

corresponding to smaller, bluer particles at high OPA concentrations.

This unique facile synthetic route offers robust CsPbBr; perovskite nanocrystals of comparable
quality to those synthesized using other air-free hot injection methods that are more complex, but which
have previously been the most reliable synthetic route to uniform, high quantum yield perovskite
nanocrystals.'”!” In addition to a facile synthesis method, we also achieved confinement-induced
photoluminescence tunability of CsPbBr; nanocrystals by varying the concentration of ligand added—
higher ligand concentration resulted in growth inhibition, yielding smaller, bluer particles. We identified a
cleaning procedure that maintained PL tunability and selected synthetic parameters with the highest
reported PLQY and cubic morphology (Table 3.1), resulting in an air-stable suspension of monodisperse

CsPbBr; nanocubes.
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Table 3.1. Recommended synthetic parameters for bright, monodisperse CsPbBr3; nanocubes from

Brown’s synthesis!?*

Result
Reaction time 30s
Primary regulating ligand 0.6 M OPA
Resulting morphology nanocube (7.4 nm)

Antisolvent wash | 1x, 20 minutes at 10,000 rpm (12298 g),
methyl acetate
Size selection 1x, 1 minute at 5000 rpm (3354 g)

c. Synthesis and characterization of colloidal perovskite nanocrystals for subsequent optical
characterizations

Synthetic optimization of LHP nanocubes delivered the following procedure for robust,
monodisperse particles suitable for fundamental electronic characterization studies using a modified ligand-
assisted reprecipitation approach under ambient conditions.!?* In short, cesium carbonate was complexed
with octanoic acid to form cesium octanoate and then injected into a lead bromide-octyl phosphonic acid
precursor in air at room temperature under constant stirring. After 30 seconds, a solution of didecyldimethyl
ammonium bromide in toluene was injected to quench the reaction. The colloidal product was cleaned and
size-selected before further use according to the result of Chapter IIL.b. Optimization of ligand-controlled
CsPbBr; perovskite nanocube synthesis for subsequent optical characterizations.

Since the confined nanoplates in this study would not be characterized for their fundamental
electronics and instead simply provided an energetically-distinct environment in which to study LHP
nanocubes, a facile synthesis of confined LHP nanoplates was adapted from Pan et al. without modification.
125 In short, via microemulsion approach, cesium bromide dissolved in hydrobromic acid was injected into
a lead bromide solution in hexane containing N,N-dimethylformamide and an oleylamine-oleic acid ligand

pair. Immediately upon injection the reaction was quenched by a small addition of ethanol. The crude
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product was centrifuged and plate-containing supernatant was retained as product without further treatment.
Further details of LHP nanoplate and nanocube synthesis are provided in Appendix B.

UV-vis spectrophotometry was used to characterize the absorbance and relative photoluminescence
spectra of colloidal nanoparticles in solution (Figure 3.6 (a), (b)) and the relative photoluminescence of thin
film samples (Figure 3.6 (c)). The deposition process for thin films is described in the following section.
For nanocubes in suspension, the absorbance spectra showed a characteristic exciton peak at 495 nm and
the photoluminescence spectra showed a narrow emission peak at 503 nm with a full width-half maximum
(FWHM) of 20 nm. Nanoplates in suspension showed a blueshifted absorption exciton peak (450 nm) and
emission peak (462 nm), indicating confinement. The nanoplate photoluminescence also had a larger red
tail, indicating that some nanoplates fused into larger, thicker flakes.'*%1%7

TEM was used to characterize the size and morphology of the nanocubes and nanoplates.
Nanocubes were estimated to be around 7.4 nm in length. Nanoplates were estimated to be around 9.5 nm
laterally and the larger flakes of fused particles were 100s of nm laterally. The small nanoplates are
estimated to be 3 monolayers thick based on the emission wavelength.!” Both populations of nanoplates

had sufficiently blueshifted emission that could be distinguished and optically filtered from the nanocubes

being studied.
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Figure 3.6. Absorbance and normalized relative photoluminescence spectra for colloidal suspension of
(a) CsPbBr3 nanocubes with emission at 503 nm and (b) CsPbBr3; nanoplates with emission at 462 nm. (c)
Relative photoluminescence spectra for thin films of CsPbBr; nanocubes (503 nm), nanoplates (462 nm
and 489 nm due to plate fusing), and a bilayer of nanocubes and nanoplates (469 nm and 500 nm). The
peak at 438 nm is a spectral artifact from the excitation light source. (d)-(e) Transmission electron
micrographs of nanocubes (estimated length 7.4 nm) assembled in a monolayer. (f)-(g) Transmission
electron micrographs of larger (100s nm long) fused populations and smaller (estimated length 9.5 nm, 3

monolayers thick) of nanoplates used as a spectrally-distinct emitter.

d. Fabrication of perovskite nanocrystal thin films

Thin films of LHP nanocubes were deposited by spin coating as-synthesized nanocube suspensions
onto different substrates, creating four distinct environments: untreated borosilicate glass (untreated), nano-
roughened borosilicate glass (etched), insulating polymer (polymer-treated), and a nanoplate pre-deposition
(perovskite-treated). Untreated borosilicate glass was used to compare the behavior of CsPbBr; nanocubes
to prior studies.’>>* A caustic etch of potassium hydroxide in ethanol (pH 11-12) was used to treat the

borosilicate glass and understand how roughening might also exaggerate electronic substrate interaction by
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increasing surface area. We also investigated the use of an insulating polymer layer as the substrate. An
approximately 40 nm-thick film of poly(methyl methacrylate) (PMMA) was deposited via spin coating.
PMMA has a similar refractive index to borosilicate glass (1.49 vs. 1.51, respectively) and thus should only
alter the local electronic environment and not the optical environment, allowing for a direct comparison
between the glass and PMMA substrates. Finally, to elicit how Forster Resonant Energy Transfer (FRET)

or more complex exciton transport schemes affected dipole orientation,'?%!2

perovskite nanoplates were
deposited via spin coating before depositing nanocubes to create a binary film. Because these nanoplates
had the same composition as the nanocubes (CsPbBr3) and the emitting layer thickness is much smaller
than the wavelength of light, any changes in the photoluminescence spectra and angular emission resulted
from the interactions from high energy (nanoplates) to low energy (nanocubes) components and not from
optical or chemical changes (e.g. halide diffusion of mixed samples'*?).

There was no significant shift in the photoluminescence when the nanocrystals were deposited into
thin films. Thin films of nanocubes alone showed an emission peak at 503 nm and thin films of the
nanoplates alone showed an emission peak of 462 nm (Figure 3.6 (c)). However, the nanoplate film also
showed a significant secondary PL peak at 489 nm (Figure 3.6 (c)), which was attributed to the fusing of
plates. Finally, the perovskite-treated sample (binary population) showed two distinct emission peaks at
469 nm and at 500 nm, which aligned well with the peaks from the nanoplate and nanocube colloidal
suspensions, respectively. For total relative PL, the nanocube signal intensity was more than five times
greater than the nanoplate signal intensity. From this we concluded that the less intense nanoplate signal
could be sufficiently cut out using a longpass filter, allowing us to isolate and study the angular signal of
the nanocubes only.

We characterized the conformality and thickness of nanocube films on each substrate and substrate
roughness using Atomic Force Microscopy (AFM). To determine the thickness of the nanocube layer from
the three conditions where nanocubes were not on top of nanoplates, the image was plane-leveled, row-
aligned, and masked via height threshold to isolate the islands of nanocubes from the background. Masks

are shown in Figure 3.7. The average height of the masked region was subtracted from the average height
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of the background. The same was done for the perovskite-treated samples, shown in Figure 3.8. While the

two species are indistinguishable using AFM, both populations were resolved using both large-area relative

photoluminescence (Figure 3.6 (c)) and spatial photoluminescence at 100x magnification (Figure 3.9).
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Figure 3.7. AFM images with height mask denoted in green from which an average thickness of 6.0 nm

was extracted.
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Figure 3.8. AFM image of perovskite-treated sample from which an average thickness of 10.3 nm was

extracted.
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Figure 3.9. Using widefield excitation at 405 nm, a. total PL signal from perovskite-treated film b. PL
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nanoplates (emission 462-489 nm) isolated using a 500 nm shortpass filter

Figure 3.10 shows the thickness variation over a representative area (2x2 um) as well as a
representative thickness profile of the nanocubes on each substrate. Reported fractional nanocrystal
coverage was approximated using 10x10 pm AFM images from each sample condition and background
RMS roughness was approximated using 10x10 pum AFM images of the substrate conditions alone (Figure

3.11 and Table 3.2). Perovskite-treated substrates were treated with a heptane rinse to simulate any rinsing
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effects that occur during nanocube deposition. For all nanocube-only cases, the nanocube island thickness
thickness was estimated to be 4-8 nm (average 6.0 nm) which agreed reasonably well with the particle size
of 7.4 nm estimated from TEM. The nanocubes-only substrates showed similar total coverage of monolayer
groupings or “islands” of nanocrystals but islands of nanocubes were larger and more irregular across the
untreated wafer (Figure 3.10 (a)) as opposed to films on etched or polymer-treated wafers (Figure 3.10 (b),
(c)). The perovskite-treated sample formed slightly thicker islands on average (10.3 nm). Additionally, we
confirmed that the etched substrate had a larger roughness than the untreated substrate (Root Mean Square
roughness of 3.50 nm and 0.76 nm, respectively). The polymer-treated substrate had an RMS roughness of
1.56 nm (Figure 3.11). The nanocube-nanoplate binary film shows a higher total coverage of nanocrystals

than the other three substrates, around 34% versus around 15% for cubes only samples.
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Figure 3.10. Atomic force micrographs of CsPbBr3; nanocube thin films fabricated via spin coating onto a
silicon wafer that was (a) untreated, (b) etched, (c) polymer-treated with 40 nm-thick PMMA, and (d)
perovskite-treated with spectrally-distinct CsPbBr3; nanoplates. Islands of nanocubes assembled in a
monolayer were present in each sample, and the untreated silicon had an irregular distribution as
compared to the other nanocube-only samples. The average height of these islands across nanocube-only
samples was 6.0 nm. The average height of nanocubes and nanoplates together was 10.3 nm. Illustrative
extracted cross sections (background normalized to 0 nm) showing height profiles corresponding to
nanocubes on (e) untreated, (f) etched, (g) polymer-treated, and (h) perovskite-treated wafers. The white

line in each scan (a)-(d) shows where cross section was extracted.
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Figure 3.11. AFM images of a. untreated, b. etched, c. polymer-treated, and d. perovskite-treated samples
from which nanocrystal coverage was extracted and of e. untreated, f. etched, g. polymer-treated, and h.

perovskite-treated substrates alone from which RMS roughness was extracted.

Previous work proposed that substrate polarity might be the mechanism that induces electronic
anisotropy in LHP nanocrystals at an interface.”* We wanted to quantify the relative surface polarity in
order to decouple this effect from other proposed mechanisms. Contact angles of water on each glass
substrate were averaged from >50 measurements using an FTA125 goniometer (Table 3.2). For perovskite-
treated substrate, water contact angle could not be accurately reported because LHP nanocrystals are soluble
in water. We observed no relationship between contact angle (surface polarity) and the resultant dipole

orientation of the emissive films reported in the following section.
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Table 3.2. Substrate Properties

Contact angle (Owater)] approx. fractional Substrate RMS
on glass| nanocrystal Roughness (nm)

coverage
untreated 5942 0.15 0.76
etched 4043 0.15 3.50
polymer-treated 64+1 0.14 1.56
perovskite-treated -- 0.34 11.29

e. Quantifying angular light emission

We resolved the angular emission pattern of each sample using Back Focal Plane Fluorescence
Microscopy (BFPFM), also known as Fourier Plane imaging.®® The focal plane in a traditional imaging
microscope was transformed from the sample plane to the Back Focal Plane by inserting an additional lens
(Bertrand lens) between the microscope objective and the tube lens.®®

The Back Focal Plane shows a 2D projection of the angular emission pattern (Figure 3.12).7%"! We
performed BFPFM using a home-built inverted microscope with excitation by a 405 nm continuous wave
laser and a 100x oil immersion objective. A linear polarizer allowed us to study the p-polarized angular
emission. Longpass filters were used to isolate the nanocube photoluminescence, removing any background

laser or nanoplate emission. Further details of BFPFM can be found in Chapter I.e. Key metrology.
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Figure 3.12. (a) Modeled BFPFM signal for a thin film of known effective transition dipole moment of 0°
to 90°. Momentum space cross-sections show how TDM changes the signal along kx, and how emitting

layer thickness changes the signal along k.

In brief, the horizontal and vertical dipole contributions from a sample were determined by fitting
the average collected emission pattern across 25 images to a simple three-layer analytical model which
determines the angular emission pattern resulting from a thin emissive film on a substrate (here, glass)
surrounded by air.?%67072 Orientation factor (®) was defined as the relative strength of in-plane dipoles to

all dipoles, according to the convention given by Kim et al.

__Pi
B ptpL (32)

where p is relative dipole strength of the parallel and perpendicular dipoles. An effective transition dipole

moment for the system as described in * can be defined as
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TDM = arccos(+/0) (3.3)

for the convention where TDM is the angle measured between the substrate and the vector of the transition.
The following general equation describes the polarized light emission intensity projected onto a 2D

collection plane (Np,,;) as a function of photon momentum vectors along the x- and y-directions (k,, ky):zz’67

NP (key, ky) = C [ (o + pip) cos?(TDM) +pb, sin>(TDM) | (3.4)

where C is a normalization constant arising from the integration time of the collection media and excitation
intensity, pfp and piz; are the density of states of s- and p-polarized in-plane dipole contributions, and pgp

is the out-of-plane dipole contribution Recall that the density of states is a function of the
photoluminescence wavelength, the refractive indices of the three layers, and the thickness of the emissive
layer. When modeling density of states for our samples, we used a wavelength of 503 nm (peak
photoluminescence of the nanocube films), a refractive index of 1.92 (estimated from TEM using an
effective medium approximation?>3?), and a thickness of 0 nm, which is an accepted approximation for sub-
monolayers of nanocrystals, or when thickness is much smaller than the wavelength of light.*%® See
Supplemental Information for further details.

From TEM, an effective medium approximation gives an RI of 1.92 (similar to the RI of 2 used for
close-packed nanoplates in prior literature **). An average thickness of 6.0 nm is extracted from AFM data,
and we fit our angular emission data to a modeled film of thickness 0 nm (Frensel reflections are modeled,
but negligible phase change was assumed: 6.0 nm << ). We calculate the variances by collecting multiple
(N = 5) datasets under identical conditions.

Background signal noise across datasets had a standard deviation of 1.25% which results in an
associated inherent uncertainty of fit. Using Monte Carlo simulations over 500 iterations according to the

procedure described in Russ et al., 7 the inherent uncertainty in the fit of our measurements given the
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thickness and RI of the emitting layer standard deviation of background noise levels is 0.01°. The p-values
from two-tailed Student’s t-tests for two independent samples, the etched versus untreated fits were not
statistically different. The etched versus polymer-treated and etched versus perovskite-treated fits were
statistically different (p-value = 7.54e-07 and p-value = 0.00015, respectively).

Because we investigated fluorescence from the same nanocrystals across substrates with nearly

similar outcoupling behavior, the density of states (pisp, pgg, pgp) remained the same across all substrates.

Thus, any change in the angular emission pattern arose from changes in only the effective dipole orientation.
Figure 3.12 (a)-(b) models how the projected Back Focal Plane evolves as effective TDM, or dipole
alignment, changes. This is shown clearly in the p-polarized cross section (ky=0), or the cross-section taken
across the center of the image.®* When there are only horizontal dipoles present (TDM=0°, ®=1), the p-
polarized k-space axis (ky) decreases sharply to 0 at |ky=1. As the vertical dipole strength increases (TDM
> (0°, ©<1), the signal increases for [ky>1. When all dipoles are vertical (TDM=90°, ®=0), the p-polarized
axis shows instead an abrupt increase in photoluminescence intensity at |ky|=1. A TDM of 35° (0=0.67) is
expected for samples with isotropic dipole contributions (two horizontal dipoles and one vertical dipole),
which can be seen in either unconfined, isotropically shaped nanostructures or randomly oriented
assemblies of particles or dyes, such as CdSe quantum dots.%> Note that the s-polarized cross section (kx =
0) does not change with dipole alignment, and is only a function of wavelength, thickness, and refractive
index of the emitting layer (Figure 3.12 (c)). We verified that all four substrates have identical optical
environments by plotting the s-polarized cross sections. For the four cases investigated here, the momentum
space s-polarized cross section ky remains consistent, indicating consistency across cases for the RI and
thickness of the emitting layer, shown in Figure 3.13. Therefore, any changes in the Back Focal Plane image

between different substrates are purely a function of the changing dipole alignment of the system.
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Figure 3.13. s-polarized cross section of BFPFM signal for CsPbBr3; nanocube films on untreated, etched,

polymer-treated, and perovskite-treated substrates.

Figure 3.14 (a)-(d) (lefthand column) shows the experimental BFPFM images of perovskite
nanocube thin films on substrates of untreated glass, etched glass, polymer-treated glass, and perovskite-
treated glass. Additionally, the extracted kx cross section is shown in Figure 3.14 (e) to highlight the
response to each substrate. The shading around each cross section shows one standard deviation from the
average. The untreated and etched samples showed overlapping ky cross sections, demonstrating the same
dipole orientations. However, both the polymer-coated glass and the perovskite binary film showed a
reduced signal at |k«[>1 outside of the variance of the previous samples, demonstrating a more horizontal
dipole alignment compared to the other treatments. The polymer-treated sample had a much stronger
decrease, indicating the most horizontal alignment.

We then fit each BFPFM image to the theory in Equation 3.4 to quantify the orientation of the
dipoles as the effective transition dipole moment angle (TDM) and the orientation factor (®) for these four
substrates. The best fit to the theoretical angular emission pattern is shown in the righthand column of

Figure 3.14 (a)-(d). An isotropic dipole alignment (TDM=35°, ®=0.67) would be expected in the case of
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no structural or confinement anisotropy in the emitting film. However, as shown in Figure 3.14 (f),
perovskite nanocrystals have shown an enhanced vertical dipole component for most surface treatments
studied in prior work,?>**>* and for sparse films in particular.”® This effect is likely due to charge
redistribution in response to the substrate.””!3! When two dissimilar materials are brought into contact,
charge is generated due to work function mismatch. The work function mismatch between glass (5.0 eV)?
and perovskite (4.0 eV)'*? creates interfacial charge and, because of the ionic nature of the perovskite lattice,
charges redistribute within the perovskite near the surface, generating a more exaggerated vertical
electronic dipole that is not seen in traditional semiconductor nanocrystals with more covalent lattices.'**
Additionally, it is theorized that this redistribution is even stronger for isolated groups of particles, and
indeed more vertically oriented dipoles have been observed for sparser films.

The untreated glass substrate in our study fit to a TDM of 47+1° and orientation factor ©=0.47,
also showing an enhanced vertical dipole component. This corroborated prior work from Jurow et al. who
showed that a similar density of nanocubes on a glass substrate had a TDM of around 46.8°.5° We
hypothesized that the nano-roughening of glass might further influence the dipole alignment by increasing
the surface area and thus the generation of interfacial charge. While the roughening did improve the film
uniformity as shown by AFM, this treatment was shown to have no effect on the dipole alignment, yielding
a TDM of 46+1° and orientation factor ®=0.48, statistically the same as the untreated glass substrate.

As shown by the ky cross sections, nanocubes on a PMMA substrate had a greater fraction of
horizontal dipole contributions than the glass substrates. This led to a lower effective TDM angle (40+1°,
©=0.59) that approached isotropic dipole behavior (TDM=35°, ®=0.67); this change in orientation was
statistically significant as compared to the etched treatment (p-value = 7.54¢-07). Notably, this polymer-
treated substrate achieved the same nearly-isotropic behavior as more densely packed films from prior
studies (Figure 3.14 (f)), which is surprising given that sparse films tend towards more vertical dipole
alignments.>* PMMA did not show a significantly increased contact angle with water over untreated glass
(Owater=03£7° versus Owae:=5942°), indicating similar substrate polarity. Instead, our hypothesis for this
TDM effect builds on intuition established by Jurow et al.?? The work function difference between PMMA
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(4.68 eV)'** and perovskite (4.0 eV)'*? is smaller than glass (5.0 eV)?? and perovskite, and as a result, the
polymer-treated substrate is expected to have fewer interfacial charges and therefore less charge
redistribution. Our observations indicate that having a thin layer of PMMA is sufficient to reduce the
vertical dipole strength by over 20%, bringing these nano-structured films much closer to their expected
dipole alignment.

As a precursor to more extensive studies on the relationship of FRET and TDM, we studied
nanocubes in the presence of nanoplates. Interestingly, as in other on-glass films, a vertically asymmetric
TDM was again observed, though less than the untreated- and etched-substrates. After spectrally isolating
the nanocube signal, the angular emission patterns fit to a TDM of 44+1° and orientation factor ®=0.52.
The extracted orientation for the binary film on an etched substrate was statistically different than the
nanocubes alone on an etched substrate (p-value = 0.00015). While dipole-mediated energy transfer is a
well-studied effect,'?®!2%135 we note the effect of energy transfer on the TDM of perovskite nanocubes could
not be decoupled from the effects of increasing film coverage (15% to 34%) in this study.>*** Further,
charge generated at the nearby glass interface is highly relevant to exciton behavior in both the perovskite
nanocubes and nanoplates. We note the work function of CsPbBr3 increases with confinement, so work
function mismatch of the different populations of nanoplates could contribute to this effect.®! Further studies
should continue to investigate the mechanism of the unique optoelectronic response of CsPbBr3; nanocubes

in a binary film.
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Figure 3.14. Experimental BFPFM signal, best fit BFPFM model and effective TDM for each substrate:
(a) untreated (TDM=47=+1°), (b) etched (TDM=46=1°), (c) polymer-treated (TDM=40+1°), and (d)
perovskite-treated (TDM=44+1°) (e) Extracted ky cross sections for emission on each substrate. Shading
indicates one standard deviation from the average ky cross section. (f) Orientation factors for LHP
nanocubes on a given substrate in literature as compared to this work for high and low coverage films.

Dashed line indicates isotropic dipole orientation.

f. Conclusions and outlook

We showed the angular photoluminescence response of LHP nanocrystal thin films to changes in
the local electronic environment through substrate modifications. LHP nanocubes were synthesized via in-
air methods and deposited via spin coating onto four substrates that changed the electronic environment
while maintaining a comparable optical environment. We compared untreated glass, nano-roughened glass,
a thin insulating polymer film, and a distinctly-emitting nanoplate treatment. We used Back Focal Plane
Fluorescence Microscopy, which provided a 2D spatial projection of the 3D angular emission signal, to
quantify the effects of the substrate on light emission. We fit resulting emission patterns to a photonic
density of states model and extracted the effective transition dipole moment (TDM) orientations. Nano-

65



structured films of nanocubes on untreated borosilicate glass, nano-roughened glass, or in the presence of
confined nanoplates exhibited an enhanced vertical dipole component (TDM=44-47+1°, ©=0.52-0.47),
while nanocubes on a PMMA substrate showed nearly isotropic dipole alignment (TDM=40+1°, ®=0.59).

Generally, films of randomly oriented particles are expected to behave as isotropic emitters at an
interface (TDM=35°, ®=0.67). However, by leveraging this unique electronic response of perovskite
nanocrystals to their local environment,*? we can tune the emission mode directly to the desired application,
allowing improved external quantum efficiency and energy transfer in solar concentrators or LEDs.”*114.136
Specificity of emission mode may also enable enhanced coherence for quantum information technologies,

3152137 This work demonstrates that

for which perovskite nanocrystals are already a promising candidate.
perovskite nanocrystals can access tunable photophysics via facile benchtop processes, opening the door to
a greater suite of quantum and new-wave semiconductor research by reducing the processing expense of
such materials systems. However, the large amount of aggregation and non-conformality that is observed
particularly in nanoplate films (RMS roughness >10 nm) motivates further studies of advanced solution-

based deposition methods to achieve better film uniformity than is possible with typical solution-processing

methods like spin coating.
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Iv. ORIENTED DIPOLES IN ORDERED ENSEMBLES OF CONFINED LEAD HALIDE

PEROVSKITE NANOCRYSTALS

Abstract

Here, we demonstrated directed self-assembly of quasi-2D cesium lead bromide perovskite
nanoplates by liquid-air interfacial assembly. Due to their ionic crystal nature, perovskite nanocrystals are
susceptible to degradation by most polar immiscible sublayer solvents such as acetonitrile and diethylene
glycol. We used glyceryl triacetate as a liquid substrate for nanoplate self-assembly. By tuning the
interfacial energy and volume fraction of nanoplates, we achieved monolayer ensembles of nanoplates with
both face down and edge up ordering 30-100 um in size.

Control over the ordering of these confined structures allowed us to access aligned electronic
transition vectors in perovskite nanocrystal thin films. The effective transition dipole moment was
modulated from 28° for face down assemblies to 46° for edge up assemblies. Control over dipole orientation
in perovskite nanocrystals could lead to enhanced waveguiding, light outcoupling, and photon coherence

in photonic devices.
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a. Background

Liquid-air interfacial assembly is a common method to obtain highly ordered assemblies of
nanoparticles (size: 1 — 100s nm) across large size scales (100s of um to cm). 138143 Interfacial and
intermolecular forces can be tuned to access an energetic minimum to achieve the desired regime of
assembly, such assembling quantum dots (artificial atoms) into superlattices with specific crystal structures
or ordering anisotropically shaped particles.?!4%143144 This can be accomplished by tuning particle

concentration!3%14>

or by adding unbound ligand into the sublayer that creates attractive or repulsive van
der Waals (vdW) intermolecular forces at the interface. ®+!* Additionally, nanoparticles can be ‘trapped’
into a certain regime if their native solvent evaporates faster than the rate of assembly.® For example, this
method has been be used to achieve face-to-face versus edge-to-edge assembled monolayers, which has
unlocked advanced functionality in robust chalcogenide nanoplates like enhanced non-radiative energy
transfer and tunable dipole orientation of the ensemble.®¢%

Perovskite nanocrystals of varied morphologies have garnered broad attention as a next-generation
semiconductor as a revolutionarily bright emitter with remarkable defect tolerance and fast exciton
diffusion. 7186214 There has been recent success in obtaining uniform, ordered films of the isotropic shapes
of these perovskite nanoparticles. Notably, Baranov et al.'*” demonstrated assembly of isotropically shaped
perovskite nanocubes into 3D superlattices using perfluorodecalin as a sublayer, and Cherniukh et al.'*
demonstrated assembly of perovskite nanocubes into monolayer films or into binary monolayer films along
with Fe;O4 nanoparticles using glyceryl triacetate as a sublayer. However, for anisotropic morphologies in
particular, their assembly at the liquid-air interface has had limited efficacy to date due to their ionic crystal
nature and degradation in polar solvents (e.g. diethylene glycol, acetonitrile). % For perovskite
nanoplates, limited control of the edge up versus face down regime has been achieved with other methods,
such as controlling the evaporation rate of the native solvent when the colloid is drop-cast onto a solid
substrate,'** controlling the passivation of nanoplate surface charges,'” or nanoplates are assumed to be
mostly in-plane by introducing horizontal shearing via spin-coating.'*® Here, we demonstrated control over

the regime of assembly via the addition of oleic acid in the sublayer, where assembly was aided by
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modifying the volume fraction of nanoplates used, resulting in oriented dipoles in monolayer assemblies.
Films of CsPbBr; perovskite nanoplates were characterized by transmission electron microscopy (TEM) as
well as UV-vis spectrophotometry and atomic force microscopy (AFM). Angular emission of assembled
thin films was characterized using Back Focal Plane Fluorescence Microscopy (BFPFM), which

demonstrated the effect of controlled assembly on the effective dipole orientation of the film.

b. CsPbBr; nanoplate synthesis

CsPbBrs; perovskite nanoplates were synthesized via a hot injection approach adapted from
Bertolotti et al.> In brief, cesium carbonate was heated with oleic acid under inert to form cesium oleate.
Lead bromide in mesitylene was dried under vacuum at room temperature and then solubilized using oleic
acid and oleylamine while heating under inert. The temperature was changed to 99 °C and cesium oleate
was injected. The reaction was immediately quenched, and the cyan-colored colloidal product was cleaned
and size selected for further use. We note that a narrow size distribution obtained from careful size selection
was necessary to observe ordered assemblies of nanoparticles.

The nanoplates were 14+3 nm laterally and 4+1 nm thick as characterized by TEM, corresponding
to a thickness of 6 monolayers.'*>* Figure 4.1 (a) shows as-synthesized nanoplates. Figure 4.1 (b) shows
the absorbance of the nanoplates, which had two excitonic peaks at 431 nm and 470 nm, and relative
photoluminescence spectrum revealing a narrow emission centered at 490 nm with a full width at half
maximum (FWHM) of 18.8 nm. Typical synthetic variability resulted in emission centered at 488-492 nm.
We note that by lowering the reaction temperature or increasing the total concentration of precursors,
thinner nanoplates (ca. 3 monolayers) could be easily synthesized. However, they were assessed to be too

unstable to withstand preliminary interfacial assembly attempts and subsequent TEM imaging.
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Figure 4.1. (a) Transmission electron micrograph showing as-synthesized CsPbBr; nanoplates with an
average length of 1443 nm and thickness of 4+1 nm. Plates can be seen in both the edge up and face
down configuration when drop cast. (b) Absorbance and relative photoluminescence of CsPbBr3

nanoplates emitting at 490 nm.

¢. Nanocrystal assembly at the air-liquid interface

We hypothesized that air-liquid interfacial assembly could be tuned to control the orientation of
anisotropic perovskite nanoplates in a monolayer assembly, and by extent the effective dipole orientation
of the film, as demonstrated in other material systems. %% In this approach, Brownian motion in the
sublayer aids in achieving nanoparticle assembly into a thermodynamically favorable packing motif as the
native solvent evaporates. The film is then transferred from the liquid sublayer to a solid substrate via
controlled draining of the sublayer or via stamping the substrate onto the interface.®®'* Sublayer choice

1.8 used

can be used to directly tune the interfacial energy between particles and sublayer (Momper et a
acetonitrile to achieve an edge up assembly as opposed to diethylene glycol which delivered a face down

assembly) or lower the contact angle between native solvent and sublayer, where a greater wettability is

more desirable.'*
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An additional consideration in selecting a sublayer for use with perovskite nanoplates specifically
was their rapid degradation in most polar solvents. A screening of sublayer candidates measured the relative
photoluminescence of CsPbBrs; nanoplates in hexane upon a small addition of each sublayer candidate
(Figure 4.2). Photoluminescence intensity and peak position were tracked to understand particle
degradation and fusing, as larger, fused particles will have redder emission. Acetonitrile and diethylene
glycol were eliminated based on rapid decline in intensity and redshifting, indicating that particles were
fusing and degrading. Fluorinert FC-40 showed greatest stability but was not selected based on the
wettability considerations discussed in Cherniukh et al. for perfluorodecalin,'** and due to the
environmental and health concerns of fluorinated solvents.'*13° Glyceryl triacetate (GTA) was selected as

the sublayer since it produced minimal redshifting and significantly less photoluminescence degradation

than acetonitrile or diethylene glycol.
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Figure 4.2. (a) Normalized maximum photoluminescence intensity and (b) center emission wavelength of

CsPbBr; nanoplates in hexane after the addition of immiscible sublayer candidate (1% by volume)
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The general film assembly process was as follows:

1.

Standardize dilution of nanoparticle suspension: nanoparticle concentration was standardized
in order to ensure repeatability in the number or volume fraction of particles in the assembly. Here,
nanoplates in hexane were diluted to an optical density of 1.75 at 335 nm.

Prepare liquid sublayer: an immiscible sublayer was added to a petri dish along with a desired
concentration of ligand, which was tuned to modulate the interfacial energy between nanoparticles
and sublayer. Here, glyceryl triacetate was added to a 60 mm diameter petri dish along with 0 —
0.68 mM oleic acid.

Cast nanoparticle suspension onto liquid sublayer: nanoparticle suspension of a calibrated
volume was dropped onto the liquid surface, which dictated the volume fraction of nanoparticles
in the assembly. The dish was immediately covered to standardize the rate of solvent evaporation
and protect the assembly process from outside movement of the surrounding gas. Here, usually
100-200 pL of the CsPbBrs; nanoplate suspension was used.

Transfer film: Once the native solvent was completely evaporated, the cover was removed, and
the assembled film was transferred to the desired substrate by stamping the substrate onto the liquid

surface Here, substrate was a TEM grid or 22x22 mm borosilicate glass coverslip.

A schematic of assembly is given in Figure 4.3. See Appendix C for further details. Note that films were

fabricated inside an argon glovebox to avoid detrimental oxygen and water exposure during assembly.

Additionally, the glovebox purifiers were momentarily turned off and the glovebox was not allowed to refill

to minimize airflow and reduce film disturbance.
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Figure 4.3. (a) Schematic of assembly at the liquid-air interface on a glyceryl triacetate (GTA) sublayer.
The GTA forms an immiscible sublayer with hexane providing a liquid substrate on which nanoplates
self-assemble during covered evaporation of hexane. (b) Transmission electron micrograph showing

CsPbBr3; film upon transferring to a solid substrate.

In this study, we explored how the addition of ligands to the sublayer and total volume of particle
solution added affected the order and assembly of the anisotropic perovskite nanoplates. Nanoplates
oriented face down have a larger surface area footprint than nanoplates oriented edge up (around 190 nm?
versus 52 nm?, respectively, exclusive of interparticle spacing and ligand chain length). Thus, we
hypothesized that the volume fraction of nanoplates in the assembly could be tuned to achieve the desired
phase where a higher volume (more total particles) would enable more edge up packing while a smaller
volume (fewer total particles) would enable more face down packing. Such concentration-induced ordering
is a well understood phenomenon borrowed from the field of lyotropic liquid crystals and adapted for our
purposes.'® Figure 4.4 shows the response in regime of assembly by changing the volume of nanoplate
suspension added (effectively changing the volume fraction of nanoplates in the assembly). At lower
volume fractions (100 pL), face down orientation was achieved most readily. Increasing the volume fraction
resulted in a mix of orientations due to the energetic minimization of close packing, and at very high volume

fractions (300 pL), aggregation and vertical stacking of plates were observed.
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Figure 4.4. Transmission electron micrographs showing the evolution of assembly regime as the volume
of nanoparticle suspension—and therefore total volume fraction of nanoparticles in the assembly—is

increased from 100 to 300 pL. Images in row 4 are digitally cropped from images in row 3.
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We hypothesized that a small addition of oleic acid (OA) into the GTA sublayer could be used to
tune the orientation of the plates in the assembly by increasing the repulsive van der Waals (vdW) forces
between the oleic acid/oleylamine-functionalized nanoplates and the sublayer.'*! This was reported in other
nanocrystal systems to both tune the orientation and prevent nanoparticle aggregation.®® Figure 4.5 shows
a transition to edge up assembly when concentration of OA was increased for a consistent volume of
nanoplates (200 puL). When no OA was added to the sublayer, nanoplates most readily assumed a face down
regime. However, upon the addition of OA to the sublayer, we observed more edge up oriented nanoplates.
We note that the optimum concentration is 0.68 mM OA as nanoplates assembled into edge up, nematic
assemblies. At lower concentrations of OA (i.e. 0.068 mM), we observed a mix of edge up and face down

particles, and at higher concentrations, we observed macroscopic aggregation on the surface of the GTA.

75



Y

more edge up

Figure 4.5. Transmission electron micrographs showing the evolution of assembly regime as the
concentration of oleic acid in the sublayer is increased from 0 to 0.68 mM OA using 200 pL. nanoplate

suspension. Images in row 4 are digitally cropped from images in row 3.
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Previous work by Gao et al.%

reported ligand-directed assembly of only OA-capped CdSe
nanoplates. We hypothesized that tuning the vdW interactions between both capping ligands in our system,
oleic acid and oleylamine (OAm), might give finer control over the regime of assembly. TEM
characterization of assemblies directed by OA + OAm addition are shown as Figure 4.6. We observed that
adding both OA and OAm to the sublayer (0.68 mM OA and 0.66 mM OAm) yielded more undesirable
aggregation than OA alone. Assemblies showed overlapping and multiple layers of plates and film
bunching. Reducing the concentration of the unbound ligand concentration tenfold (0.068 mM OA and
0.066 mM OAm) yielded a monlayer film but the orientation was still clearly within the mixed regime, as
evidenced by the presence of both face down and edge up nanoplates. We hypothesized that this may have

been due to the amine group (NH») of the OAm and the carboxylic acid (COOH) of the OA having opposite

effects on the interfacial energy, or the reaction of these two species in solution.
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Figure 4.6. Transmission electron micrographs showing the evolution of assembly regime as the
concentration of oleic acid plus oleylamine in the sublayer is increased from 0 to 0.68 mM OA + 0.66
mM OAm using 200 pL nanoplate suspension. Images in row 4 are digitally cropped from images in row

3.
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Figure 4.7 provides a summary of the trends in assembly regime that can be achieved by tuning
both the knobs of ligand concentration and nanoplate volume fraction via volume of nanoplate suspension
added. A smaller volume fraction in the resulting assembly (100 puL vs 200 puL) thermodynamically favored
a face down assembly due to unconstrained particle packing. The addition of OA to the sublayer (0.68 mM
vs 0 mM) introduced repulsive vdW forces which induced an edge up configuration. While an edge up
assembly was achieved for the smaller volume fraction of 100 pL also, we determined that the higher
volume fraction case resulted in more ordered packing. Figure 4.8 shows the resulting interfacial assembly

pathways to achieving face down and edge up films respectively.
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Figure 4.7. Transmission electron micrographs showing a summary of monolayer assembly regimes that

can be achieved by tuning volume fraction and oleic acid addition. Images in the lower right quadrant for

each condition are digitally cropped from images in the lower left quadrant for each condition.
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Figure 4.8. (a) Schematic of assembly at the liquid-air interface on a glyceryl triacetate (GTA) sublayer.

The GTA forms an immiscible sublayer with hexane providing a liquid substrate on which nanoplates

self-assemble upon evaporation of hexane. The addition of oleic acid in the sublayer causes nanoplates to

assume an edge up configuration. Transmission electron micrograph showing CsPbBr; nanoplates

assembled in a (b) face down and (c) edge up configuration.

d. Thin film characterization confirming ordering

Face down and edge up ensembles of CsPbBr; nanoplates were characterized to corroborate the

regime of ordering and characterize them both optically and structurally. AFM was used to characterize

film uniformity and thickness at the micron scale. From AFM, face down ensembles of nanoplates had an

average thickness of 3.4 nm (Figure 4.9), and edge up ensembles had an average thickness of 15.2 nm
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(Figure 4.10). This was in agreement with TEM particle sizing of 4+1 nm thick and 1443 nm laterally.
Figure 4.11 (b)-(e) shows face down assemblies and extracted AFM cross section. Both TEM and AFM
revealed more gaps in the face down films at the nanometer and micron scale as compared to the edge up
films—expected due to the lesser total volume fraction of nanoparticles. Figure 4.11 (f)-(i) shows edge up

assemblies and extracted AFM cross section.
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Figure 4.9. AFM showing face down assemblies, from which an average height of 3.4 nm was extracted

using masked regions (green) and subtracted background.
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Figure 4.10. AFM showing edge up assemblies, from which an average height of 15.2 nm was extracted

10

using masked regions (green) and subtracted background.

After transferring the assembled films to glass cover slips, relative photoluminescence of face down
and edge up films showed emission centered at 493-496 nm and 491-496 nm, respectively (Figure 4.11
(a)). TEM was used to estimate the packing fraction of the face down and edge up regime at the nanoscale

2253 which resulted

using a Bruggeman effective medium approximation for nanocrystal versus ligand area,
in an effective refractive index of 1.78 for face down assemblies and 1.87 for edge up assemblies. Figure
4.11 (b) and (f) shows TEM of larger assembled areas of the face down and edge regime, highlighting
nanoscale aggregations at the edge of these assemblies that inevitably results in slight variability of

thickness in the edge up regime. Thickness variability is further characterized by AFM as well as in Chapter

IV.f. Resultant oriented dipoles.
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Figure 4.11. (a) Relative photoluminescence of face down and edge up assembled films showing
emission at 496 nm and 495 nm respectively. For face down assemblies, (b) large area TEM showing
interparticle spacing and (¢)-(e) atomic force micrographs and extracted cross section showing film
uniformity on a micron scale. The white line denotes where the 2 um cross section was extracted. The
average height of face down assemblies was 3.4 nm from AFM. For edge up assemblies, (f) large area
TEM showing interparticle spacing and (g)-(i) atomic force micrographs and extracted cross section
showing film uniformity on a micron scale. The white line denotes where the 2 pm cross section was
extracted. The average height of edge up assemblies was 15.2 nm from AFM. Edge up assemblies showed

more aggregation and film defects than face down assemblies.

Thicker areas and aggregations were prominently observed in edge up assemblies after being
transferred to a solid substrate, particularly glass. AFM of large areas of complete aggregation are provided
as Figure 4.12 (a). Additionally, the aforementioned coffee-ringing effect was also observed at the micron
scale in samples where excess GTA sat before being evaporated under vacuum (Figure 4.12 (b)). In
subsequent study of edge up assemblies, these highly aggregated areas were not included in our
characterization. Future studies should investigate treatments to increase the hydrophobicity of substrate to
combat this substrate-induced aggregation and deliver more pristine films larger than the 30 to 100 um

films seen here.
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100 nm 40 nm

Figure 4.12. AFM showing (a) micron-scale aggregation commonly observed in edge up samples and on

glass substrates and (b) coffee ringing-type aggregation that occurs from excess GTA on substrate.

e. Sensitivity and challenges of assembly

While this method produced large scale, highly oriented films of perovskite nanoplates, it was
extremely sensitive to outside forces. For the effects of interfacial energy and vdW forces to control
assembly regime, any other forces on the system had to be painstakingly minimized. Of note, movement of
the surrounding gas of the environment had to be minimized as this was repeatedly observed to disrupt
ordering of the particles. Similarly, any flow or bulk movement of the GTA or dust particles on the surface
disrupted ordered assembly thoroughly. The GTA itself also caused some degradation of the nanoplates as
revealed by sublayer screening study. Evident in Figure 4.8 (c), as a result, quasi-spherical aggregates are
shown interspersed with the nanoparticle ensemble causing nanoscale interruptions to the film. After
assembly on the liquid sublayer, the delicate assembly remained sensitive to aggregation and tearing when
transferring to a solid substrate. For example, excess GTA droplets on the surface caused a coffee-ringing
effect upon drying. The film could be easily torn while manually transferring it onto the substrate, and in
particular, the hydrophilic nature of borosilicate glass causes repulsion of the non-polar capping ligands
thereby causing disruptions to the nanocrystal assemblies. As a result, assemblies on glass were on the order

of 30-100 um as seen by AFM. Table 4.1 provides a summary of observed challenges to assembly.
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Table 4.1.

Challenges of assembly and mitigating steps

Challenge and resulting
detriment to assembly

Actions taken

Future suggestions

Aggregation of particles

e due to surface
contaminations (e.g.
dust, surfactant)

e due to convection of gas
or bulk movement of
sublayer

e upon contact with
hydrophilic substrate

Inspect petri dishes, substrates
for dust; sacrificial stamping of
coverslip before casting NPs to
attract micron scale
contaminants; clean glassware
using base bath; cover petri dish
during assembly; turn off
glovebox purifiers; prevent
glovebox refill; allow sublayer
to sit undisturbed before casting
NPs

Hydrophobic substrates or
substrate treatments

Degradation by sublayer

Sublayer screening for
compatibility; use dry GTA

High-throughput sublayer
compatibility study

Coffee-ringing due to excess
sulayer droplets

Refrain from submerging
substrate while stamping; use

cover slip vacuum for more
precision

f. Resultant oriented dipoles

We characterized the resulting dipoles using fluorescence microscopy. We used widefield imaging
to observe the film morphology, as shown in Figure 4.13. The gaussian intensity from the center of
excitation is reflective of characteristic exciton transfer in the film. Features on the surface show the
boundaries of nanoparticle assemblies. Film conformality showed similar motifs to AFM, including tearing

and aggregated areas, and uniform assembled areas approached 100 pm in size.
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Figure 4.13. Fluroescence microscopy images of (a)-(c) edge up assemblies and (d)-(f) face down

assemblies with an approximate scalebar of 10 pm.

We then performed Back Focal Plane Fluorescence Microscopy (BFPFM), in which the angular
momentum space signal is collected across all measured angles simultaneously. This is accomplished by
inserting a Bertrand lens into an inverted fluorescence microscope, which transforms the focal plane of the
signal, according to the procedure described in Kurvits et al. % After changing the focus to the Back Focal
Plane, angular emission signal is fit to a three-layer model of an emissive film as a function of momentum

vectors, where the emission intensity (Npor) in k-space (k, ky) is given as 7!

NPoL(ky, k) = C E (o, + pip) cos2(TDM) +p?s sinz(TDM)] (4.1)
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where C is a normalization constant. pj,’, pis®, pop® are photonic density of states in the s- and p-polarized,
in-plane and out-of-plane directions governed by the thickness, refractive index, and emission wavelength
of the emissive layer. TDM is the effective angle of electronic transitions in the emitting layer, measured
from the plane of the substrate in the z direction. TDM can be defined in terms of the dipole orientation

factor ®, which is the ratio of in-plane dipole contributions (py) to all dipole contributions (py+p.).5**

TDM = arccos(+/0) (4.2)
_ P
- PII"'"PJ. (*3)

Details of BFPFM and dipole orientation fitting are provided in Chapter L.e. Key metrology.

In momentum space (or k-space), The p-polarized cross section of the signal (ky=0) changes in
response to dipole alignment (TDM). Figure 4.14 (a)-(c) shows how the signal evolves as a function of
TDM, demonstrating the increase in intensity at |k«[>1 for increasing TDM. The s-polarized cross section
of the signal (k«=0) changes only in response to changes in the photonic density of states (thickness, RI, 1).
Figure 4.14 (d) shows the s-polarized cross section for varying thickness, showing how the location of

maximum intensity in k-space (|Ky.max ineensity|) increases with increasing thickness of the emitting layer.?
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Figure 4.14. Modeled BFPFM signal for an emissive layer (a) 0 nm thick and (c) 15 nm thick with an
effective transition dipole moment of the ensemble at 0° (in-plane contributions only), 35° (isotropic),
50°, and 90°(out-of-plane contributions only). (b) kx cross section where k,=0 for varying TDM. (d) ky

cross section where k,=0 for varying thicknesses.

For an ensemble of strongly confined, ideal 2D plates oriented in-plane, the expected TDM would
be 0° or ®=1, completely eliminating out-of-plane dipole contributions. Ideal 2D plates oriented out-of-
plane would have an expected TDM of 45° or ®=0.5. The theoretical expected dipole contribution based
only on the effect of particle geometry and orientation is given as Figure 4.15. Previous work accomplished
tunability over this entire range (@=1 to ©=0.5) using strongly confined 2D CdSe nanoplates.®® For lightly
confined perovskite nanoplates around 3 nm thick, previous work reported a TDM of 29° for face down
plates.??> Additionally, for perovskite nanocrystals, characteristic response to charge at an interface results
in an enhanced vertical dipole contribution (Chapter III). We anticipated a modest enhancement of the
vertical dipole contribution for edge up plates over face down plates, and an enhancement of the vertical

dipole contribution in both regimes due to the glass interface.
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Figure 4.15. Theoretical dipole contribution for an ideal 2D or quasi-2D nanoplate geometry agnostic of

surface response.

Also evidenced by TEM and AFM characterization, edge up assemblies partially aggregated upon
transfer to a substrate, in particular glass. This, as well as lateral size variability of the plates (1443 nm),
arose in BFPFM data as changes in the ky cross section due to film thickness. As such, data that could not
be reasonably fit to 15 nm thickness was excluded from the reported average TDM fit for edge up
assemblies. Figure 4.16 shows the ky cross sections of data that were excluded from the reported fit, as well

as the average k, cross section and modeled ky cross section at 15 nm.
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Figure 4.16. k, cross sections for collected data that showed a poor fit to 15 nm, indicating thickness
variation in edge up samples. Gray shading denotes one standard deviation from the average ky across

measured areas.

Figure 4.17 shows collected BFPFM signal and modeled signal of best fit for the face down and
edge up assembly regimes. |Kymax inensity] fOr kx=0 was greater for edge up assemblies than face down,
corroborating other comparative measurements of thickness between regimes. Thus, face down assemblies
were fit using a model thickness of 0 nm (phase shift is neglected), which is accepted approximation when
the thickness is much smaller than the wavelength of light (film thickness from AFM = 3.4 nm),>** and an
RI of 1.78 from effective medium approximation. Edge up assemblies were fit using a model thickness of
15 nm in accordance with average film thickness from AFM (15.2 nm), and an RI of 1.87. Notably, signal

intensity at |k«>1 for ky, = 0 was greater for edge up assemblies than face down assemblies.

91



Experiment Model

e Experiment K x
wm Experiment k y

Model ky
= =Model ky

w

-

N
Intensity (arb.)

N
O = N W » 1 O =~ N W & O

o

145 0 1.45

( ) s Experiment kx
= Experiment ky

Model ky
= =Model ky

w

N

Intensity (arb.)

TDM = 46+2°

o

-1 0 1 -1.45 0 1.45
k k

X
Figure 4.17. (a) Collected BFPFM signal, modeled signal of best fit, and extracted kx (red) and ky (blue)
cross sections for face down assemblies with an effective TDM of the ensemble at 28+2° or ®=0.78,
corresponding to stronger in-plane dipole contributions. (b) Collected BFPFM signal, modeled signal of

best fit, and extracted k« (red) and ky (blue) cross sections for edge up assemblies with an effective TDM

of the ensemble at 46+2° or ®=0.48, corresponding to stronger out-of-plane dipole contributions.

Ensembles of face down CsPbBr3 nanoplates displayed a TDM of best fit of 28+2° (or ©=0.78), as
expected from previous reports of face down nanoplates of similar nanoplate thickness on glass (29°, around
3 nm thick). These plates were lightly confined, and thus, we did not anticipate transitions along the out-
of-plane thickness dimension of the plate to be completely eliminated. In accordance, for a face down
assembly, the observed ® was less than an ideal 2D plate oriented in-plane. Of note for perovskite
nanomaterials, charge redistribution at the surface due to ionic lattice nature serves to reduce the dipole
orientation factor below even what a lightly confined geometry would suggest.?3334112131 These effects
both served to reduce the effective dipole orientation of the ensemble below ideal.

Ensembles of edge up CsPbBr; nanoplates displayed a TDM of best fit of 46+2° (or ©=0.48). Due

to their light confinement, we would expect the dipole orientation factor of an edge up ensemble to be
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slightly higher than an ideal 2D plate oriented out-of-plane, which would be 45° or ®=0.5. However, the
observed dipole orientation factor was again lower (®=0.48 versus 0.5), which we attributed to the effect
of interfacial charge generation on the ionic lattice. These two effects worked in opposition such that the
apparent effect of interfacial charge generation was diminished: edge up nanoplates showed a dipole
orientation factor that was reduced by 4% below ideal, while for face down nanoplates, the dipole

orientation factor wase reduced by 22% below ideal.

g. Liquid-air interfacial assembly for other morphologies of CsPbBr3

To explore the range of uses for liquid-air interfacial assembly for perovskite nanocrystals, we
applied the method to other morphologies of CsPbBr; nanoparticles with different ligand binding. Figure
4.18 shows TEM ((a)-(c)) and AFM ((d)-(f)) of DDAB stabilized CsPbBr3; nanoparticles (isotropic shape)
assembled into a close-packed monolayer on glyceryl triacetate and transferred to a solid substrate. For
certain applications, this offers increased monolayer film density on untreated borosilicate glass over what

was achieved by spin coating (Chapter III).
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Figure 4.18. (a)-(c) TEM showing DDAB-stabilized isotropic CsPbBr3; nanoparticles assembled at the

liquid-air interface diluted 40x from reaction concentration in heptane. (d)-(e¢) AFM showing assemblies

on glass from which an average height of 6.9 nm was extracted (particle diameter ca. 7.4 nm).!!2

Additionally, CsPbBr; nanoplates synthesized by microemulsion approach'® stabilized by only
oleylamine were assembled on an FC-40 sublayer. Figure 4.19 (a)-(d) shows TEM of oleylamine-capped
nanoplates. "> In previous characterizations (Chapter IIl.c.), nanoplates were estimated to be around 9.5
nm laterally and around 3 monolayers (ca. 1.8 nm thick) based on the emission wavelength (462 nm). Some
larger, fused flakes were observed, 100s of nm laterally.'!? In this study, we noted similar lateral fusing of
assembled nanoplates (Figure 4.19 (c)-(d)). BFPFM images of such assemblies showed more in-plane
dipole contribution than nanoplates synthesized via hot-injection that did not readily fuse. Across sampled

areas, best fit TDMs ranged from 0° to 34° for a modeled emissive layer 0 nm thick. and emission
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wavelength of 462 nm. Since RI is not known, we fit emission data to the range of expected RI, which is 2
(literature value for nanoplate film)?? to 2.3 (only perovskite). The average of best fits at each RI was 9°
and 12° respectively. We stress that for cases of largely in-plane alignment, small changes in signal
correspond to a large change in best fit dipole orientation.” Figure 4.19 (e)-(f) shows experimental BFPFM
signal and best fit modeled BFPFM signal at 0°, for a model thickness of 0 nm, emission at 462 nm, and
RIof 2.0, and (g) shows the average p-polarized cross section and associated standard deviation, illustrating
the narrow range of signal that can evolve the best fit TDM substatially. Preliminarlily, this result suggests
that the contribution of in-plane dipoles in electronically responsive CsPbBr3; nanocrystals—which typically
shows a diminished horizontal contribution on glass****!'>—may be enhanced with dramatic material

aspect ratios (L/t>>100, approaching nanosheets).
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Figure 4.19. (a)-(b) TEM of smaller (estimated length 9.5 nm, 3 monolayers thick) and larger (up to 100s
nm long) fused populations of oleylamine-capped nanoplates. (c)-(d) Fused nanoplates assembled on FC-
40. (e)-(f) Collected and modeled BFPFM signal for a sample area with a best fit TDM of 0°. (g) Average
p-polarized cross section (k) for sampled areas, which displayed a range of best fit TDMs from 0° to 34°.

Shading indicates one standard deviation from the average.

h. Conclusions and outlook

We showed that by careful sublayer selection, assembly at the liquid-air interface can be applied to
delicate inorganic lead halide perovskite nanocrystals. By tuning the knobs of volume fraction and
interfacial energy via addition of unbound ligand in the sublayer, we could direct monolayer assembly on
the order of 30 to 100 um into the face down or edge up regime. We then characterized momentum-resolved
photoluminescence of the resultant films, uncovering the interplay of orientation and confinement—as well
as characteristic response to surface charges—on the effective orientation of dipoles in 2D ensembles of

CsPbBr; nanoplates. Since the out-of-plane dipole contribution of a lightly confined plate is not completely
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eliminated, we did not expect to achieve dipole orientation control over the entire range of effective TDMs
that are theoretically possible for 2D morphologies (0° to 45°).% However, paired with the characteristically
enhanced vertical dipole contribution of CsPbBr; nanocrystals on glass, we can achieve a vertical effective
TDM of greater than 45°. Face down assemblies of lightly confined nanoplates showed a TDM of 28+2°
(©=0.78), while edge up assemblies showed a TDM of 46+2° (©=0.48).

This method for achieving thermodynamic nanocrystal assembly, while common in other material
systems,®*%139 has had limited success for perovskite nanocrystals.!*!%7 This work provides a promising
route by which the technique may be leveraged for applications that benefit from both in-plane or out-of-
plane specific modes of emission, such as solar concentrating technologies, LEDs, or quantum information

teChnOlOgieS 11,14,31,73,114,152

With improved substrate compatibility, these assemblies could be realized over
larger areas (>1 cm), and for more extreme shapes approaching 1D (nanorods, nanowires), vertical

assembly could enable nearly entirely in-plane light emission.
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V. CONCLUSION

Control over the electronic and photonic interactions inside a photonic device, and specifically in
the uniquely tunable cesium lead halide perovskite nanocrystals, can deliver an immense payoff in
specificity of angular modes and optical efficiency. We demonstrated that using a nanophotonic waveguide
as an LSC, coupled to InGaP and Si subcells, could provide a cost-competitive advantage over a single
junction silicon cell, suggesting that efficiencies over 31% are possible in an optimized design case. The
result indicates the need for minimized reabsorption and escape losses, as well as for a very thin device.
With a high degree of complexity and parameter specificity needed to achieve such a design, we make the
case to move towards anisotropic emitters as a route to alleviate much of these optical losses.

We delivered our results characterizing the unique electronic response of isotropic CsPbBr;
nanocubes to substrate work function mismatch. The dipole orientation factor is modulated by the presence
of an electric field generated at an interface. As a result, we were able to achieve not only better film
uniformity but induce a tunable change in the dipole orientation by more than 20% (®=0.47 to ®=0.59) by
introducing substrate treatments that brought the work function closer to that of the nanocrystals (PMMA,
perovskite). This motivates future work that could instead identify higher work function materials to induce
an anisotropic response, and potentially further improve film uniformity and packing, which is also known
to affect the dipole orientation factor for perovskite nanocrystals.

We developed a route to apply liquid-air interfacial assembly to delicate CsPbBr; perovskite
nanoplates and leveraged it to achieve face-to-face and edge-to-edge assembled monolayers 30-100 um
wide by tuning nanocrystal volume fraction and interfacial energy. We characterized the oriented films and
showed that this method could be used to modulate dipole alignment to favor emission towards both in-
plane and out-of-plane based on particle orientation (@=0.48 and ®=0.78). Future work should identify
hydrophobic substrate choices and treatments to apply this approach and move to larger size scale
assemblies, which will deliver control over photon momentum for a range of applications and size scales.

Understanding the chemical, thermodynamic, and electronic behavior of this nascent material class
precludes the use of these nanocrystals in advanced photonics devices such as concentrators, LEDs,
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photovoltaics, waveguides, and qubits. Elaborated here is the culmination of our efforts towards high
precision photon momentum control, targeting an entirely new field of devices (non-traditional
optoelectronics) and materials (CsPbX; nanocrystals). This work informs our fundamental understanding
of physics and chemistry in the context of light-material interactions at the quantum level by uncovering
how color and composition is linked to dipole moment and photon momentum. Answering crucial
mechanistic questions about this new material class, perovskite nanocrystals, as well as rethinking with
advanced understanding the manufacture and performance characteristics of photonic devices, this
fundamental knowledge provides a framework for optoelectronics and nanophotonics from the nano- and
device-scale.

Our expanding energy demands necessitate radical developments to the field of optics and
optoelectronics to enable energy efficient devices. By surpassing what is considered to be traditional optics,
breakthroughs in the fields of solar power, lighting, and information systems are possible. In the face of
rapidly increasing computational energy demands globally, we have the potential to reframe and redefine
photonic device efficiency by engineering light directionality from the nanoscale. This technology shows
promise not only to the fundamental science community but also to increase the economic viability of solar
as a renewable energy source. The result of the implementation of these advances is both a relieved energy

burden and a reduced dependence on fossil fuels within the energy sector.
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APPENDIX A: MATLAB CODE FOR CHAPTER II—PHOTONIC LUMINESCENT SOLAR
CONCENTRATOR DESIGN FOR HIGH EFFICIENCY, LOW COST MULTIJUNCTION

PHOTOVOLTAICS

Script that calculates Total Module Efficiency:

clc;

clear all;

%%

mod_eff = zeros(11,42);
%%

%Concentration = linspace(1,500, 20);
Concentration = 100;
%for r = 1:8

%for q = 1:20
tic
%%
ODnames = ['ODO5 ' 'ODO75 ' 'OD1 ' 'OD15 ' 'OD2 " 'OD25 ' 'OD3 ' 'OD35 ' 'OD4 ' 'OD45
' 'OD5'];
OD = strsplit(ODnames);
ODvals = [@.5, ©.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5];
wavelength = linspace(300,1000,701);
layernum = linspace(4,86,42);
layerstr = num2str(layernum);
layer = strsplit(layerstr);
thick = (layernum-2).*0.5%1775*10.7-6;

[X,Y] = meshgrid(thick(1:42),0Dvals);
C_si = 1;
ERE = 0.01;

absorb = 0.9649;
Eg si = 1.14;

%%

A=importdata('E_flux.mat"');
E=flip(A.E);

flux=flip(A.flux);

WL= 1242.1875./E;

targetWL = linspace(300,1000,701)"';
targetE = flip(1242.1875./targethWL);

fluxInterp = interpl(WL, flux, targetWL);

%%
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for m = 1:11
for n=1:42
filename = "TAR_" + layer(n)+"layer_ "+0D(m) ;

fileID = fopen(filename, 'r');

formatSpec = '%f%f%f';

A = textscan(filelD, '%s"', 'delimiter','\n");
fclose(filelD);

B = A{1,1};

for i = 706:1406

L(1:2,i-705)= strsplit(B{i});

end

D=str2double(L);

TRANSM=D";

curveflux = flip(TRANSM(:,2).*fluxInterp);
[slice_inc_power, speceff, cell power, cell, Jtot, v]
curveflux, targetE, ERE, absorb);

incidentpwr_si(m,n)=slice_inc_power;
convpwr_si(m,n)=cell_power;

end
end
% figure
% mesh(X,Y,convpwr_si)
% colorbar
% xlabel('LSC thickness (mm)");
% ylabel('optical density');
% zlabel('Power converted by Si Cell (w/cm2)');
C_ingap = Concentration;
ERE = 0.05;
absorb = 0.8989;
Eg ingap = 1.84;

%%

A=importdata('E_flux.mat');
E=flip(A.E);

flux=flip(A.flux);

WL= 1242.1875./E;

targetWL = linspace(300,1000,701)";
targetEtot = flip(1242.1875./targetWL);
targetE = targetEtot(401:701);
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fluxInterp = interpl(WL, flux, targetWL);

0/0,
'0/0

form = 1:11
for n=1:42
filename = "TAR_" + layer(n)+"layer_"+0OD(m) ;

fileID = fopen(filename, 'r');

formatSpec = '%f%f%f';

A = textscan(filelD, '%s"', 'delimiter','\n");
fclose(filelD);

B = A{1,1};

for i = 1:701

P(1:2,i) = strsplit(B{i+2});

end

D=str2double(P);

ABS=D"';

curvefluxtot = flip(ABS(:,2).*fluxInterp);
curveflux = curvefluxtot(401:701);
absphot=(701-401).*(curveflux(1)+2.*sum(curveflux(2:300))+curveflux(301))./600;

Num_reabsorption(m,n) = calc_reabsorb_events(ODvals(m),thick(n),Concentration);
% trap_eff = trap_eff_init.”Num_reabsorption(m,n,q);

trap_eff = (0.74).”Num_reabsorption(m,n);

xval = 401:701;

plcurve=absphot*normpdf(xval,630,11.57).*trap_eff.*0.98;

[slice_inc_power, speceff, cell power, cell, Jtot, v] = indepDB(Eg_ingap,C_ingap,
plcurve', targetE, ERE, absorb);

incidentpwr_ingap(m,n)=slice_inc_power;
convpwr_ingap(m,n)=cell power;
Siefficiency(m,n)=speceff;

end
end

figure

mesh(X,Y, convpwr_ingap)

colorbar

xlabel('LSC thickness (mm)');

ylabel('optical density');

zlabel('Power converted by InGaP Cell (w/cm2)');

3% 3% 3R 3R ¥ R
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for n = 1:11
for m = 1:42

mod_eff(n,m) = 100.*((convpwr_si(n,m))./0.1 + (convpwr_ingap(n,m))./0.1./C_ingap);
end

end

toc

%end

%end

%%

% [X,Y] = meshgrid(Num_reabsorption,Concentration);
figure(1)

contourf(X,Y,mod_eff)

colorbar

xlabel('Device Thickness (mm)');

ylabel('Optical Density');

zlabel('Sub Module Efficiency');

set(gca, 'FontName', 'Arial');
'LineWidth',2;

Function that performs Reabsorption Events Calculation:

function [num_reabsorb_events] = calc_reabsorb_events(0OD, thickness, Concentration)
%REABSORB_EVENT calculates the expected number of reabsorption events

%within a CdSe/CdS LSC given its Optical density and geometry

%

1l =0.3./0D;
r = 2.*thickness.*Concentration.*0.1;
val = 1/r;

sample_vals = [543 2.5 2 1.510.75 0.5 0.333 0.25 0.2 0.16667 0.125 0.1 0.05
0.025];

sample_coeffs = [28.1 18.5 10.9 7.9 5.3 3.2 1.7 1.1 0.67 0.42 0.33 0.28 0.24 0.20
0.18 0.15 0.13];

if val>5
num_reabsorb_events = 1;
elseif val<0.025
num_reabsorb_events = 0.125.*(val.”*-2);
else
coeff = interpl(sample_vals, sample coeffs, val);
num_reabsorb_events = coeff.*(val.”-2);

end

end
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Script for Monte Carlo LSC Simulation:

%% concentration for big matrix.m

by Lindsey Parsons 13 april 2023

photons are assigned a direction in this code

change certain LSC parameters to predict PLSC performance using Monte
Carlo. This geometry represents edge collection and has the option for
filter reflectivity

clear; close all; clc;

rng('shuffle')

3% 3R R % X

%% initialize vars

% LSC will be LxL
L = 100; %cm
thick = 1; %cm

% transition dipole moment we will call theta
theta = 91; %put 91 for isotropic emission

% refractive index
RI_substrate = 1.5;
RI_air = 1.0003;

if theta<91
trap_eff = sqrt(1-(RI_air/RI_substrate).”2).*(1 +
(0.5.*(RI_air/RI_substrate).”2).*(1-1.5.*sin(theta).*sin(theta)));
else
trap_eff = sqrt(1-(RI_air/RI_substrate).”2); %isotropic emission
end
L = logspace(1,5,12);
Qvvals = [0.5, 0.85, 0.9, 0.95, 0.97, 0.99, ©.999, 0.9999, 0.99999, ©.999999,
©.9999999, ©.99999999, 1];
trap_eff vals = [0.74, ©.89, ©.91, 0.95, ©.97, 0.98, 0.99, ©0.999, 0.9999, ©.99999,
1];
alphavals = linspace(0,0.1,10);

for b = 1:10
for a = 1:11
for m = 1:12
for n = 1:13
QY = QYvals(n);
%QY = 0.99;

trap_eff = trap_eff vals(a); %this is calculated by mulder equations above but you
can
%edit manually to experiment here

%will have option for filter later. This will need to be corrected for number

%of bounces
filter_reflectivity = 1;

gridsize = 1000;
numPhotons_init = 10000;
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numPhotons_coll = 9;
phot_death_counter = 0;

%alpha is absorption coefficient with units of cm”-1
alpha = alphavals(b);
path_length = L(m)./gridsize;

perc_abs_frac = alpha.*path_length;

% get locations of photons initially

ind = randi((gridsize.”2).*4, numPhotons_init, 1);
meshsize = [gridsize, gridsize,4];

[row,col,dir] = ind2sub(meshsize, ind);

phot_loc = zeros(gridsize, gridsize,4);

% add photons to grid initially
for i = 1:numPhotons_init

phot_loc(row(i),col(i), (dir(i))) = phot_loc(row(i),col(i),dir(i))+1;
end

stepcounter = 0;

%% check

% check that num of photons is correct

A = sum(phot_loc, "all"); % correct woooooo

%direction is the 3rd dimension of the phot_loc matrix

%1l = up

%2 = down
%3 = left
%4 = right

%% monte carlo simulation
while sum(phot_loc,"all")~=0
for i = 1l:gridsize
for j = 1:gridsize
if (i==1)&&(j==1)
% top left corner
for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
if k==1 || k==3
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
numPhotons_coll = numPhotons_coll+1;
else
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter reflectivity)
if k ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j+1,k)=phot_loc(i,j+1,k)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,j,k)=phot_loc(i+1,j,k)+1;
end

105



elseif
prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity
probmove = randi(2,1,1);
if probmove == 2
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j+1,4)=phot_loc(i,j+1,4)+1;
else
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i+l,j,2)=phot_loc(i+1,j,2)+1;
end
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_death_counter = phot_death_counter+1;
end
end
end
end
elseif (i==1)8&&(j==gridsize)
%top right corner
for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
if k==1 || k==4
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
numPhotons_coll = numPhotons_coll+1;
else
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter_reflectivity)

if k ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,k)=phot_loc(i,j-1,k)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,j,k)=phot_loc(i+1,j,k)+1;
end
elseif
prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity
probmove = randi(2,1,1);
if probmove ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,3)=phot_loc(i,j-1,3)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,j,2)=phot_loc(i+1,j,2)+1;
end
else
phot_loc(i,j,k)=phot loc(i,j,k)-1;
phot_death_counter = phot_death_counter+l;
end
end
end
end
elseif (i==gridsize)&&(j==1)
%bottom left corner
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for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
if k==2 || k==3
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
numPhotons_coll = numPhotons_coll+1;
else
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter_reflectivity)

if k == 4
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i,j+1,k)=phot_loc(i,j+1,k)+1;

else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i-1,j,k)=phot_loc(i-1,7j,k)+1;

end
elseif
prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity

probmove = randi(2,1,1);

if probmove ==
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i,j+1,4)=phot_loc(i,j+1,4)+1;

else
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i-1,j,1)=phot_loc(i-1,7j,1)+1;

end
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_death_counter = phot_death_counter+l;
end
end
end
end
elseif (i==gridsize)&&(j==gridsize)
% bottom right corner
for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
if k==2 || k==4
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
numPhotons_coll = numPhotons_coll+1;
else
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter_reflectivity)
if k ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,k)=phot_loc(i,j-1,k)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i-1,j,k)=phot_loc(i-1,j,k)+1;
end
elseif
prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity
probmove = randi(2,1,1);
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if probmove ==
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i,j-1,3)=phot_loc(i,j-1,3)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i-1,j,1)=phot_loc(i-1,7j,1)+1;
end
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_death_counter = phot_death_counter+l;
end
end
end
end
elseif (i==1)
%top edge
for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
if k==1
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
numPhotons_coll = numPhotons_coll+1;
else
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter_reflectivity)
if k ==
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i,j+1,k)=phot_loc(i,j+1,k)+1;
elseif k ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,j,k)=phot_loc(i+1,j,k)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,k)=phot_loc(i,j-1,k)+1;
end
elseif
prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity
probmove = randi(3,1,1);
if probmove ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j+1,2)=phot_loc(i,j+1,2)+1;
elseif probmove == 2
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,j,3)=phot_loc(i+1,j,3)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,3)=phot_loc(i,j-1,3)+1;
end

else
phot_loc(i,j,k)=phot loc(i,j,k)-1;
phot_death_counter = phot_death_counter+1;
end
end
end
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end
elseif (i==gridsize)
%bottom edge
for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
if k==2
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
numPhotons_coll = numPhotons_coll+1;
else
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter_reflectivity)
if k == 4
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j+1,k)=phot_loc(i,j+1,k)+1;
elseif k ==
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i-1,j,k)=phot_loc(i-1,j,k)+1;
else
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i,j-1,k)=phot_loc(i,j-1,k)+1;
end
elseif
prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity
probmove = randi(3,1,1);
if probmove ==
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i,j+1,4)=phot_loc(i,j+1,4)+1;
elseif probmove ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i-1,j,1)=phot_loc(i-1,7j,1)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,3)=phot_loc(i,j-1,3)+1;
end
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_death_counter = phot_death_counter+1;
end
end
end
end
elseif (j==1)
%left edge
for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
if k==3
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
numPhotons_coll = numPhotons_coll+1;
else
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter_reflectivity)
if k ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
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phot_loc(i,j+1,k)=phot_loc(i,j+1,k)+1;
elseif k ==
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i-1,j,k)=phot_loc(i-1,j,k)+1;
else
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i+1,j,k)=phot_loc(i+1,j,k)+1;
end
elseif
prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity
probmove = randi(3,1,1);
if probmove ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j+1,4)=phot_loc(i,j+1,4)+1;
elseif probmove == 1
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
phot_loc(i-1,j,1)=phot_loc(i-1,7j,1)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,j,2)=phot_loc(i+1,j,2)+1;
end

else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_death_counter = phot_death_counter+l;
end
end
end
end
elseif (j==gridsize)
%right edge
for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
if k==4
phot_loc(i,j,k)=phot_loc(i,]j,k)-1;
numPhotons_coll = numPhotons_coll+1;
else
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter_reflectivity)

if k == 3
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,k)=phot_loc(i,j-1,k)+1;

elseif k == 1
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i-1,j,k)=phot_loc(i-1,j,k)+1;

else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,j,k)=phot_loc(i+1,j,k)+1;

end
elseif
prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity

probmove = randi(3,1,1);

if probmove ==
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phot_loc(i,j,k)=phot_loc(i,j,k)-1;

phot_loc(i,j-1,3)=phot_loc(i,j-1,3)+1;
elseif probmove ==

phot_loc(i,j,k)=phot_loc(i,j,k)-1;

phot_loc(i-1,j,1)=phot_loc(i-1,j,1)+1;
else

phot_loc(i,j,k)=phot_loc(i,]j,k)-1;

phot_loc(i+1,j,2)=phot_loc(i+1,j,2)+1;
end

else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_death_counter = phot_death_counter+1;
end
end
end
end
else
%center
for k = 1:4
num_phot_here = phot_loc(i,j,k);
for d=1:num_phot_here
prob = rand(1,1);
if (prob>perc_abs_frac)&&(prob<=filter_reflectivity)
if k ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,k)=phot_loc(i,j-1,k)+1;
elseif k ==1
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i-1,j,k)=phot_loc(i-1,j,k)+1;
elseif k == 4
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j+1,k)=phot_loc(i,j+1,k)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,j,k)=phot_loc(i+1,j,k)+1;
end
elseif (prob<=perc_abs_frac.*QY*trap_eff*filter_reflectivity)
probmove = randi(4,1,1);
if probmove ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i,j-1,3)=phot_loc(i,j-1,3)+1;
elseif probmove ==
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i-1,j,1)=phot_loc(i-1,7j,1)+1;
elseif probmove ==
phot_loc(i,j,k)=phot loc(i,j,k)-1;
phot_loc(i,j+1,4)=phot_loc(i,j+1,4)+1;
else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
phot_loc(i+1,7j,2)=phot_loc(i+1,j,2)+1;
end

else
phot_loc(i,j,k)=phot_loc(i,j,k)-1;
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phot_death_counter = phot_death_counter+1;
end
end
end

end
end
end
end

%% concentration calculation
geom_conc = L(m)./(4.*thick);

optical_eff = numPhotons_coll/numPhotons_init;

concentration(b,a,m,n) = optical_eff.*geom_conc;
grid_optical_eff(b,a,m,n)= optical_eff;

geom_conc_vals(m) = geom_conc;
end
end

end
end
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APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER III—TUNABLE
ANGULAR LIGHT EMISSION OF LEAD HALIDE PEROVSKITE NANOCRYSTAL THIN

FILMS VIA SOLUTION-PROCESSED SUBSTRATE TREATMENT

Materials

Lead (II) bromide (PbBr, 99.999%, Sigma Aldrich), cesium carbonate (Cs>COs, 99.9%, Sigma Aldrich),
I-octyl phosphonic acid (OPA, 99%, Thermo Scientific), trioctylphosphine oxide (TOPO, 99% Sigma
Aldrich), didecyldimethyl ammonium bromide (DDAB, >98%, TCI), methyl acetate (MeAc, 99.5%, Sigma
Aldrich), toluene (99.8%, Sigma Aldrich), heptane (99%, Sigma Aldrich), N,N-dimethyl formamide (DMF,
99.8%, Sigma Aldrich), oleylamine (OAm, technical grade 70%, Sigma Aldrich), Cesium bromide (CsBr,
99.999%, Sigma Aldrich), hydrobromic acid (HBr, 48 wt.% in H,O, >99.99%, Sigma Aldrich), hexane
(>95%, Sigma Aldrich), oleic acid (OA, 90%, Sigma Aldrich) and ethanol (>99.5%, Sigma Aldrich) were
used without further purification.
Nanocube Synthesis

Procedure was adapted from Brown et al. '**

Cs-octanoate precursor: 326 mg Cs;COs3 was added to 10 mL OctAc and vortexed until dissolved.

Pb precursor: 500 mg PbBr; was added to 10 mL toluene along with 5.8 g TOPO and heated to 80 °C while
stirring until completely dissolved (around 15 minutes). Solution was allowed to cool completely to room
temperature before use.

DDAB precursor: 233 mg DDAB was added to 10 mL toluene and vortexed until dissolved.

Synthesis: Under constant stirring, 2 mL of Pb precursor was added to round bottom flask. 233 mg of OPA
was added and stirred at room temperature until dissolved to create a ligand concentration of 0.6 mM. In
air and at room temperature, 220 uL. Cs-octanoate precursor was injected, and the reaction was allowed to
proceed for 30 seconds. 624 uL. DDAB precursor was added, and the product was allowed to continue

stirring for 5 minutes.
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Cleaning: First 6 mL MeAc was added to the crude solution to clean the particles. The product was divided
between 3 centrifuge tubes and centrifuged for 20 minutes at 10,000 rpm (12298 g). The precipitate was
retained and redispersed in 150 pL heptane per tube to then perform a knockout step. The three tubes were
centrifuged for 1 minute at 5000 rpm (3354 g), and the supernatant was retained as product.

Nanoplate Synthesis

Procedure was adapted from Pan et al. '%

Pb precursor: 367 mg PbBr, was added to 2 mL DMF along with 2 mL OAm and stirred at room
temperature to dissolve.

CsBr precursor: 213 mg CsBr was added to 1 mL HBr and vortexed until dissolved.

Synthesis: Under constant stirring, 5 mL hexane and 10 pL. OA was added to a round bottom flask, and 200
uL Pb precursor was added. 50 uLL CsBr precursor was injected then the reaction was immediately quenched
by injection of 200 pL ethanol.

Cleaning: Crude product was divided into two centrifuge tubes and centrifuged for 10 minutes at 10,000
rpm (12298 g). An immiscible bilayer of two supernatants was observed and the less dense nanoplate-
containing non-polar supernatant was retained as product.

Transmission Electron Microscopy

Images were collected on a FEI Tecnai T12 microscope. Nanocubes were diluted 50x after
synthesis and drop cast onto a 400 um carbon coated copper grid. Nanoplates were diluted 10x after
synthesis and drop cast onto a 400 um carbon coated copper grid.

TEM images in figure S1 were used to estimate nanoparticle packing in order to determine the
effective film RI via Bruggeman Effective Medium Approximation as was done by Jurow et al. ** After
smoothing, despeckling, and increasing the contrast using ImagelJ, nanocrystal was estimated at 55% of the
area, the average of six selected representative regions of best resolution and close-packed monolayer.
Perovskite nanocrystal has an RI of 2.3.° Space between particles comprising 45% of the area was

presumed to be ligand with an RI of 1.45. 153
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Figure B.1. Contrast-enhanced TEM images used for effective medium approximation. White pixels are

counted as nanocrystal area and black pixels are counted as ligand area.

The effective RI of the film was thereby estimated by the following equation:
RI = Packing Fraction,(RIl,) + Packing Fraction,(RI,)
RI = 0.55(2.3) + 0.45(1.45) = 1.92

Assessing the packing fraction over a larger sample area is reflective of close packing and any larger gaps
that form; hence, as expected, we calculate a smaller packing fraction that literature previously reports
(70%) **. The estimated RI was used in modeling the angular emission signal for a given transition dipole
moment angle.
UV-vis Spectrophotometry

Absorbance and relative photoluminescence spectra were collected using a Stellarnet BLACK-
Comet UV-vis reconfigurable spectrometer. For colloidal absorbance and PL. measurements, a broad-

spectrum Stellarnet SL-5 Halogen/Deuterium light source is used for absorbance measurements, and a 392
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nm LED light source 90° from the detector is used for photoluminescence measurements. A StarnaCells
quartz cuvette with a path length of 1cm was used. For film PL spectra, a 405 nm CW laser (30mA, 149.34
mW) was used to excite thin film samples mounted on a glass slide and a Chroma AT435LP 435 nm
longpass filter was used as the laser was mounted normal to the plane of detection.

Thin Film Deposition

For caustic-treated glass or silicon substrates, 0.16 - 0.19 mm-thick Corning borosilicate coverslips
or silcon wafers were placed in a 1M potassium hydroxide in 80% ethanol base bath (pH ~11-12) for two
hours then removed and rinsed thoroughly with DI water followed by ethanol before being allowed to dry
in the oven. Untreated coverslips or wafers were inspected to be free of dust before deposition.

Polymer films were made via spin coating 100 uL of 20 mg/mL PMMA solution in toluene onto
glass coverslips or silicon wafers at 4000 rpm for 45 seconds.

Nanoplate films were made via spin coating 100 pL of the obtained colloidal product onto glass
coverslips or silicon wafers at 6000 rpm for 45 seconds. For nanoplate films that would not receive an
additional deposition of nanocubes, 100 pL heptane was spun onto dried films at 1500 rpm for 45 seconds
to simulate any rinsing effects of adding another layer.

Nanocube films were made via spin coating 100 uL. of colloidal product diluted 50x in heptane
onto glass coverslips or silicon wafers at 1500 rpm for 45 seconds.

Atomic Force Microscopy

Measurements were collected using a Bruker Dimension FastScan Atomic Force Microscope in
ScanAsyst mode. A ScanAsyst-Air-HPI probe was used, and measurements were taken from films
deposited on silicon substrates.

To determine the thickness of the polymer layer, scores were made along samples using a razor
blade and the interface was scanned. Gwyddion was used for image analysis. After plane-leveling the image
and aligning rows, a difference was taken of the average height far from the interface on the polymer and

scored region.
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Figure B.2. AFM images used in verifying the thickness of PMMA

Back Focal Plane Fluorescence Microscopy (BFPFM)

Thin film samples on a glass coverslip mounted face down were measured to determine the angular
emission pattern at the air-glass interface.

A home-built inverted fluorescence microscope was used, including a Back Focal Plane imaging
mode according to the procedure described in Kurvits et al. %, Excitation was done by a ThorLabs LP405-
SF10 405 nm laser diode (24 mA, 0.8 mW). This laser diode was collimated using a Thor Labs F810FC-
405 collimation package and then expanded using a ThorLabs GBE02-A beam expander. A Semrock Di02-
R405-25x36 25.2mm x 35.6 mm dichroic beamsplitter was used to direct the laser to the objective and
minimize the transmission of any reflected laser light off the sample to the detector camera. The sample
was excited through a UPlanSApo Olympus 100x oil-immersion objective (NA=1.45, Immersion Oil type
F), by which the laser beam was focused to a diffraction-limited spot.

Fluorescence from the sample was collected by the objective and then passed through a tube lens
(Thorlabs TTL180-A, f=180mm) to focus the signal onto a CCD camera for collection (Andor iXon Ultra

888 EMCCD). Additional filters (Chroma AT435LP 435 nm longpass filter, ThorLabs FELH0500 500 nm
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longpass filter) were placed before the camera to help cut out any remaining laser signal (435 nm longpass)
and eliminate any signal from the 462-489 nm emitting nanoplates (500 nm longpass).

To transform the setup from fluorescence imaging into Back Focal Plane imaging, a Bertrand lens
(Thorlabs AC254-400-A-ML achromatic doublet) was placed between the beam splitter and tube lens as
this changes the focal plane from the real-space sample to the Back Focal Plane within the objective,
creating a projection of the 3D angular emission pattern on the camera . A linear polarizer (Thorlabs
LPVISE100-A) was also added after the beamsplitter to polarize the Back Focal Plane image and simplify
the extraction of the transition dipole moment angle. All BFP images were generated using 1s exposure

times. 5 images were collected at 5 locations across the sample, or 25 images per sample.

[ Sample |

Polarizer =

Bertrand Lens S
Figure B.3. Schematic of Back Focal Plane microscope. Adapted from Russ et al. 7?

Modeling Angle-Resolved Light Emission to Extract Effective Transition Dipole Moment
The dipole orientation factor (®) is the relative dipole strength (p) of in-plane or parallel dipoles to

all dipoles: ®
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=Pl (1.1)

 pi+pL

The orientation factor and effective transition dipole moment (TDM) are related by®*

TDM = arccos(/0) (1.2)

The angular light emission pattern from these dipoles within a thin film can be described by a three
layer model where the top layer (n,) is air, the middle layer (n,) is the emissive film, and the bottom layer
(n3) is the glass substrate. 226¢7%7! The horizontal dipole contribution along x is eliminated by linear
polarizer in experiment, which allows us to decouple horizontal and vertical dipole contributions when
fitting to experimental data. Polarized light emission intensity projected onto a 2-D collection plane (Np;)

as a function of photon momentum vectors along the x- and y-directions (ky, k,) is defined as:*""!

NP (key, ky) = C [ (o + pip) cos?(TDM) +pb, sin>(TDM) | (1.3)

or, in terms of orientation factor:

NP (ky ) = C |5 (phs + pin)® +php(1 - ©) | (1.4)

where C is a normalization constant. piy’, pis®, pop” are photonic density of states in the s- and p-polarized,
in-plane and out-of-plane directions governed by the thickness, refractive index, and emission wavelength

of the emissive layer. Density of states in each direction are given by:
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A is the wavelength of the emitted light, n; is the refractive index of layer i, tfj and rilj are the Fresnel

transmission and reflection coefficients between layers i and j for /-polarized light, and D is the thickness

of the emissive layer. The Fresnel coefficients for s and p polarized light are given by?>%¢

2 2
Zninjkzi .S . 2ky 'T'-p — M r_p = @ (110)

p
t.. = g = .= =
tj njz-kzi+ni2kzj’ ) kzi+kzj' t njz-kzi+ni2kzj' tj kzitkzj

We note that light emission in polar coordinates (N*°'(8, ¢)), where 8 is the polar angle and ¢ is

the azimuthal angle, is related to light emission in k-space by
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ky = konsz sin sin (¢p) sin sin (8) ; k,, = kons sin sin (¢p) cos cos (8) (1.11)

This model for emission signal is compared to our measured BFPFM data, and the effective TDM of best

fit is determined by %2 minimization according to the procedure described in Russ et al.”
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APPENDIX C: SUPPLEMENTAL INFORMATION FOR CHAPTER IV—ORIENTED DIPOLES

IN ORDERED ENSEMBLES OF CONFINED LEAD HALIDE PEROVSKITE NANOCRYSTALS

Materials

Lead (IT) bromide (PbBr,, 99.999%, Sigma Aldrich), cesium carbonate (Cs>COs, 99%, Sigma Aldrich),
oleic acid (OA, technical grade 90%, Sigma Aldrich), oleylamine (OAm, technical grade 70%, Sigma
Aldrich), Mesitylene (99%, Sigma Aldrich), hexane (anhydrous, >99%, Sigma Aldrich), ethyl acetate
(anhydrous 99.8%, Sigma Aldrich), octanoic acid (OctAc, >98%%, Sigma Aldrich), 1-octyl phosphonic
acid (OPA, 99%, Thermo Scientific), trioctylphosphine oxide (TOPO, 99% Thermo Scientific),
didecyldimethyl ammonium bromide (DDAB, >98%, TCI), methyl acetate (MeAc, 99.5%, Sigma
Aldrich), toluene (99.8%, Sigma Aldrich), heptane (99%, Sigma Aldrich), and Glyceryl triacetate
(299.0%, Sigma Aldrich) were used without further purification.

Nanoplate Synthesis

Procedure was adapted from Kovalenko et al. > and Bekenstein et al."”

Cs-oleate precursor: 0.4 g Cs,COs3 was added to a round bottom flask along with 1.2 mL OA and 15 mL
ODE. Flask was connected to the Schlenk line and degassed under vacuum for 1 hr at 100 °C, then
switched to Ar and heated at 120 °C until all CsCO3; was dissolved and solution was brown in color,
indicating that it had all reacted with OA.

Synthesis: 0.069 g PbBr; added to a 25 mL round bottom flask along with 5 mL mesitylene. Flask was
connected to the Schlenk line and degassed at room temperature. Flask was then switched to Ar and
heated to 100 °C, followed by the injection of 0.5 mL OA and 0.5 mL OAm. Once all PbBr; was
dissolved, the temperature was changed to 99 °C, and 0.4 mL heated (to at least 100°C) Cs-oleate was
injected into the PbBr2 precursor, and the reaction was immediately quenched with liquid nitrogen.
For a 2x scaled reaction, 0.138 g PbBr, was used, along with 1 mL OA and 1 mL OAm, 0.8 mL heated

Cs-oleate. The injection was done at 125 °C.
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Cleaning: Crude solution was divided into 3 tubes and centrifuged for 10 minutes at 11,000 rpm (14,881
g). Pellet was retained, and any supernatant that could not be sufficiently decanted by pipetting was gently
removed using a cotton-tipped applicator. Pellet was redispersed in 100 uL. hexane per tube and
centrifuged again for 20 minutes at 11,000 rpm.

100 pL supernatant was added to two new tubes, along with 200 pL hexane and 600 pL ethyl acetate per
tube. The tubes were centrifuged for 5 minutes at 11,000 rpm. Pellet was retained, and again any
supernatant that could not be sufficiently decanted was removed using a cotton-tipped applicator. Pellet
was redispersed in 100 pL hexane per tube and centrifuged again for 10 minutes at 11,000 rpm. The
supernatant was filtered by a 0.22 pm nylon syringe filter and retained as product.

Transmission Electron Microscopy

Images were collected on a FEI Tecnai T12 microscope using 200 um or 400 um carbon coated
copper grids.

TEM images in figure S1 were used to estimate nanoparticle packing in order to determine the
effective film RI via Bruggeman Effective Medium Approximation as was done by Jurow et al. > For
face down cases, after smoothing, despeckling, and increasing the contrast using ImagelJ, nanoplate was
estimated at 39% of the area, the average of three selected representative regions of best resolution. For
edge up cases, nanoplate was estimated at 49% of the area. Perovskite nanocrystal has an RI of 2.3.%
Space between particles comprising the remainder of the area was presumed to be ligand with an RI of

1.45. 1%
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Figure C.1. Contrast-enhanced TEM images used for effective medium approximation. Top row is face
down samples; bottom row is edge up samples. White pixels are counted as nanocrystal area and black

pixels are counted as ligand area.

The effective RI of the film was thereby estimated by the following equation:
RI = Packing Fraction, (RI;) + Packing Fraction,(RI,)
Rltgce aown = 0.39(2.3) + 0.61(1.45) = 1.78
Rleggeup = 0.49(2.3) + 0.51(1.45) = 1.87
The estimated RI was used in modeling the angular emission signal for a given transition dipole moment
angle.
UV-vis Spectrophotometry
Absorbance and relative photoluminescence spectra were collected using a Stellarnet BLACK-

Comet UV-vis reconfigurable spectrometer. For colloidal absorbance and PL measurements, a broad-

spectrum Stellarnet SL-5 Halogen/Deuterium light source is used for absorbance measurements, and a
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392 nm LED light source 90° from the detector is used for photoluminescence measurements. A
StarnaCells quartz cuvette with a path length of 1 cm was used. For film PL spectra, a 405 nm CW laser
(44mA, 9 mW) was used to excite thin film samples mounted on a glass slide and a Thorlabs FEL0450
450 nm longpass filter was used as the laser was mounted normal to the plane of detection.

Sublayer screening
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Figure C.2. Photoluminescence spectra over time for CsPbBr3; nanoplates in hexane after the addition of

immiscible sublayer candidate (1% by volume)

Thin Film Preparation via assembly at the liquid-air interface

Assembly at the liquid-air interface was done in glass petri dishes (60 mm diameter, 15 mm
height). First, approximately 23 mL glyceryl triacetate (GTA) was added to the petri dish with the desired
concentration of unbound ligand additive (0 to 0.68 mM OA and 0 to 0.66 mM OAm). We found that
using higher concentrations of ligand (4x-10x) resulted in complete aggregation instead of a monolayer
film. Then, a suspension of CsPbBr; nanoplates in hexane (dilution standardized to 1.75 OD at 335 nm,
around 100x diluted for a typical synthesis) was deposited onto the surface of the GTA to form two

phases and was quickly covered with the top of the petri dish until all hexane had completely evaporated.
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The assembled film was transferred to the desired substrate by stamping the substrate onto the
surface of the GTA. This was done using reverse action tweezers to hold TEM grids, or using wide mouth
tweezers or a cover slip vacuum tool to hold cover slips. Once the films had been transferred to the
substrates, substrates were dried under vacuum to remove any excess GTA that remained on the surface.

This method was extremely sensitive to competing forces or outside effects, so many steps were
taken to minimize these occurrences. Petri dishes and substrates were inspected for dust and cleaned
before use, and the surface of the sublayer was inspected for dust and stamped using a sacrificial cover
slip to remove any microscopic contaminants on the liquid surface. Preparation was done inside an Ar
glovebox, and glovebox filters were momentarily turned off during deposition of the nanoparticle
suspension and substrate stamping to minimize movement of gas in the environment. Additionally, GTA
was allowed to sit undisturbed for at least 1 minute before depositing the nanoparticles to minimize

movement in the sublayer.

Figure C.3. Photos showing (a) the addition of nanoplate suspension onto GTA sublayer, (b) covered
petri dish during evaporation of native solvent, and (c) coverslip vacuum tool used to aid in the even

stamping of glass onto the liquid sublayer.

Atomic Force Microscopy
Measurements were collected using a Bruker Dimension FastScan Atomic Force Microscope in

ScanAsyst mode. A ScanAsyst-Air-HPI probe was used.
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To determine the thickness of the nanoplate assemblies, the image was plane-leveled, row-
aligned, and masked via height threshold to isolate the islands of nanocubes from the background. The
average height of the masked region was subtracted from the average height of the background.
Physical Properties Used in Fitting the Effective Transition Dipole Moment and Inherent
Uncertainty of Fit

Table S1 gives the physical parameters used to model each sample condition when fitting TDM
alignment.

Table C.1. Properties of emitting layer describing the BFP signal for each sample condition

A (nm) RI (TEM D (nm) D (nm) D (nm)

using EMA) (AFM) (TEM) (model

input)

100 pL, no 492 1.78 34 3.79+0.59 0
0OA

200 pL, 492 1.87 15.2 13.8+2.7 15
0.68 mM
OA

Background signal noise across datasets had an estimated standard deviation of 2.31% which
results in an associated inherent uncertainty of fit. According to the confidence intervals reported by Russ
et al.,”? the inherent uncertainty in the fit of our measurements given the thickness, RI of the emitting

layer, and standard deviation of background noise levels is less than +0.1°.
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