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Abstract

Design, Development, and Processing of Perovskite Nanocrystals for Optical Devices

Theodore Abraham Cohen

Chair of the Supervisory Committee:
Professor Daniel R. Gamelin
Department of Chemistry

Perovskite nanocrystals (NCs) are an exciting new class of luminescent materials with
impressive photoluminescence quantum yields, highly tunable properties, and remarkable defect
tolerance. Such properties make them ideal candidates for applications in light emitting diodes,
luminescent solar concentrators, and quantum photonic devices. However, more work is needed
to understand their fundamental properties and leverage these properties in real-world devices.
This thesis presents three use-inspired studies that draw on an understanding of fundamental
perovskite NC material properties to develop these materials for working device platforms.
Chapter 1 discusses fundamental perovskite NC properties and potential device considerations
necessary to explore these materials in various applied research areas. Then, Chapter 2 discusses
the potential of quantum-cutting Yb3*-doped perovskite NCs for high-performance luminescent

solar concentrators. This study produces design constraints for perovskite NC/polymer



composites that inform the development of modular polymers to suspend various perovskite NC
compositions in the solid composites described in Chapter 3. Finally, this understanding of NC
ligand chemistry and stability was leveraged to develop methods described in Chapter 4 to
process perovskite NCs with electrohydrodynamic inkjet printing for photonic device
integration. These studies are important steps towards translating perovskite NC research from

fundamental innovations towards the numerous potential device applications of these materials.
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CHAPTER 1. INTRODUCTION

1.1 OVERVIEW

Semiconductor nanocrystals (NCs) have emerged as promising light manipulation
materials for countless important applications. This is primarily because it was discovered that
the band gap of these materials could be continuously tuned by changing the primary NC size,!?
a property that is not shared by ion-doped inorganic luminophores or organic dyes. Research of
these materials eventually led to the development of a colloidal synthesis of a series of
monodispersed 11 — VI NCs.® The CdSe NCs produced in this synthesis were easily tunable
through the visible spectrum and have sufficiently narrow full width half maxima (FWHM) for
applications as downconverting phosphors in light emitting diodes (LEDs).* Additionally, InP
and other 111 — V, Cd?*-free materials were developed as non-toxic alternatives to CdSe NCs,>8
an advancement that was important for their market deployment as color converters in
televisions. Now, these materials are relevant for numerous technologies, including solar cells,®
photodetectors,'® biological labels'! and catalysts.*?

The discovery and deployment of light-emitting NCs relied on numerous research efforts
and industrial developments that have yielded an impressive number of fundamental
breakthroughs and advanced technologies. For instance, the initial discovery that a NC’s band
gap can be tuned by changing its size came from largely fundamental research efforts.}?
Conversely, the deployment of these materials in real-world devices relied on purely applied
research innovations. Between these extremes, there were additional research thrusts that cannot
be categorized as either purely fundamental or purely applied research. These efforts are best

described as use-inspired fundamental research, a field of study that is critical for the deployment
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of fundamental knowledge in real-world technologies.*** For instance, the development of a
colloidal synthesis that yielded monodispersed, size-tunable CdSe NCs is partly motivated by the
goal of developing solution processable phosphors with narrow FWHMSs that emit at specific
wavelengths for LED applications.> However, these developments relied on fundamental
innovations in colloidal inorganic chemistry that were directed to yield NC that met the use-
inspired need of numerous applied technologies. The accumulation of these innovations over the
course of 30 years was critical to move the discovery of band gap NC size tuneability from a
fundamental idea to a critical component of numerous real-world technologies.

It is also useful to discuss the metric of technology readiness level (TRL). This system
was initially developed by NASA in the 1980s to describe an innovation’s readiness to be
deployed in space flight'™® and was adapted by a number of other government agencies to
describe the extent to which a technology has been validated and scaled for real world
applications.’®'7 Early stages of technology readiness describe innovations that come from
fundamental research, and later stages of technology readiness typically refer to products of
applied research that aims to yield real world devices at scale. Between these extremes, TRLs 3 —
5 describe innovation steps that take fundamental concepts and translate them into prototype
components and devices. These steps are motivated by particular end uses, but they still rely on
the gathering of more fundamental understanding to truly advance a concept for use in real world
devices. This TRL range is therefore an ideal area for use-inspired research

While Il — VI and 1lIl — V NCs are the most thoroughly developed tunable luminescent
NC materials system, perovskite NCs emerged in 2015 as promising alternatives to these
chemistries.*® These materials were found to have unusually high photoconductivity in 1958,

an observation that inspired investigation of these materials as absorbing and charge-separating
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materials for dye-sensitized solar cells.?>? Since then, an extraordinary amount of research
effort has been devoted to understanding these materials and using them in next-generation
optical devices. There have been many successes with perovskite NCs over the years, but more
research is needed to understand their fundamental properties and use these unique materials in
real world devices.

Luminescent Solar

A Concentrators (TRL 3)
Nanocrystal Polymer

Composites (TRL 4)

Anchor  Functional =

group  group "T : ¥ Green-emitting
i || CsPbBr; NCs
|
fo
070 | O / e
/ y| Red-emitting
ox, | = Yl cspbi, nes

T
[
[

X

Infrared-emitting
¥b**:CsPhCl; NCs.

Fluorinated ==

Polymer . .
Mativation Perovskite Printing (TRL 5)
NC
Processing
Conditions

Quest for Fundamental
Understanding

Considerations of Use

Figure 1.1. Summary of several use-inspired perovskite nanocrystal studies. An initial,
largely fundamental study of novel monolithic bilayer LSCs motivates the development of
custom modular zwitterionic polymer composites for various applications. The ligand chemistry
understanding developed here is then used to investigate prospects for processing perovskite NCs
with electrohydrodynamic inkjet printing for quantum photonic applications.

This thesis presents three use-inspired research efforts to improve understanding of
perovskite NCs’ fundamental properties and leverage those properties for numerous different
applications. Within this category of use-inspired research, the three components of this thesis
span a range of largely fundamental to largely applied research. To start, Chapter 2 presents a

study that considers the use of near-infrared (NIR) emitting doped perovskite NCs in a solar
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collection device called a luminescent solar concentrator (LSC). This work produces a proof-of-
concept demonstration of the potential of quantum cutting in these devices, which moves the
fundamental innovation to a TRL of 3. Chapter 3 then describes an investigation of perovskite
NC surface chemistry to develop custom polymers tailored to stabilize these NCs in solid
composites. This polymer composite component is a useful demonstration of a TRL 4
innovation. Finally, Chapter 4 presents a more applied study of a novel, high-resolution method
of inkjet printing and its potential for processing perovskite NCs. This study yields a fully
integrated laboratory device demonstration that can be classified as TRL 5, thereby completing
the progression from largely fundamental use-inspired research to largely applied use-inspired
research. The applications behind these topics are not inherently related to one another, but all of
them leverage fundamental understanding of perovskite NC properties for various applications.
However, such research provides excellent opportunities to understand what is necessary to

develop these materials for real-world technologies.

1.2 LUMINESCENT SOLAR CONCENTRATORS

LSCs*28 are an attractive class of light-concentrating devices typically composed of
luminophores that absorb solar photons and a waveguide that directs re-emitted photons onto
small solar cells coupled to the device’s edges. LSCs can be tailored to a wide variety of
applications ranging from semitransparent solar windows to space solar-power systems. Unlike
optical concentrators, they can concentrate both direct and diffuse solar radiation with no
theoretical concentration limit.?3! Figure 1.2 shows a schematic of a typical LSC. The
luminophore in these devices should combine high solar absorbance with high

photoluminescence quantum yields (PLQYSs), while minimizing overlap between the two.
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Furthermore, the waveguide should have an optimum refractive index for solar light collection

and transmission and should be free of defects that scatter or absorb transmitted light.

4%\ //
o5 kW 3
A ?‘
L] N
Luminophores Polymer
1. Limited absorption- 4. High transmittance
emission overlap 5. Few defects

2. High quantumyield 6. Optimized
3. Well Dispersed refractive index

Figure 1.2. Schematic of an LSC device and the various loss processes that can impede
device performance. The list below the schematic presents the optimal luminophore and polymer
properties that can eliminate the loss mechanisms shown here.

Over the years, various classes of luminophores, including organic dyes,3>° rare-earth

ions doped into glasses,?* 363" and inorganic coordination complexes,®“° have been explored in
LSCs. Recently, colloidal semiconductor NCs have emerged as promising LSC luminophores
because of their high PLQYS, large extinction coefficients, tunable energy gaps, and the ability
to engineer small absorption/emission overlap.?” #-8 A particularly effective strategy for
minimizing reabsorption involves using NC dopants as luminescence species,* thereby
separating the tasks of solar absorption (by the NC) and emission (by the dilute dopant). To
realize the applications of colloidal NCs in an LSC, the NCs must be suspended in a solid matrix
with high solubility and stability. Because the transmission distances in full-scale LSCs can be as
high as 1 m and transmittance decreases exponentially with increasing distance,*®*" it is
imperative that luminophores be well dispersed in a waveguiding medium with a low lateral
attenuation coefficient (less than 0.01 cm™). This is below the level than can be seen by eye in

thin samples or by most vertical transmittance measurements.®® Therefore, Section 1.2.1
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discusses methods to assess lateral transmission over large length scales. Section 1.2.2 then

describes novel doped perovskite NCs and their potential as LSC luminophores.

1.2.1 Attenuation Characterization with a 1D LSC

As an initial assessment of NC/LSC compatibility, several lateral attenuation
measurements have been developed. One involves comparing the emission of LSCs placed
inside of an integrating sphere with blackened and non-blackened edges.*® The difference in
emitted light intensity from the integrating sphere can then be fit with a model to determine the
reabsorption and scattering components of lateral attenuation.>® ¢ % Another method relies on
direct measurement of the effect of changing the lateral distance between an excitation source
and an optical detector mounted on the edge of an LSC. This has been done by fully illuminating
different size samples,®® covering varying facial areas of a single, fully-illuminated sample with
an absorbing material,** or by moving a small excitation source laterally along the distance of a
LSC sample.5%5t 6162 Unfortunately, these methods rely on the fabrication of a NC polymer
composite slab, a process that can introduce optical impurities in the waveguide and reduce the
PLQY of some NCs.5% 52 This challenge can be circumvented by performing similar transmission
measurements on solutions of NCs.

This liquid LSC measurement was first demonstrated by Bradshaw et al. in a device
described as the 1D LSC.* In this work, a 120 x 0.1 x 0.1 cm? glass tube was fabricated and
mounted so that it could be placed on a standard optics table. This tube was closed at one end
and left open at the other so that a capillary tube could be threaded through the length of the
glass tube. With this setup, one could use a syringe to carefully load a ~1 mL solution of NCs in
their native solvents into the glass tube. From there, an excitation source is placed a set distance

from the closed end of the tube so that light hits the sample perpendicular to the tube. Collection
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optics are then placed near the closed end of the tube, and the distance between the closed end
and the excitation source is varied. The spectra collected at each excitation distance are then
analyzed so that the light transmission through a liquid media of NC solution can be evaluated.
This study by Bradshaw et al. made a number of important observations about lateral
transmission of NC emission through a liquid medium of NCs.* First, it was found that even a
small amount of absorption, emission overlap was sufficient to dramatically attenuate NC
emission over length scales of 10 — 20 cm. This overlap is typical of “giant” CdSe/CdS core-
shell NCs*3 €3 and dot-in-rod CdSe/CdS NCs,* and it will substantially limit the performance of
large-area LSCs fabricated with these materials. This problem can circumvented using doped
NCs such as Mn?*-doped ZnSe NCs* and Mn?*-doped CsPbCls NCs,* as the Mn?* 4T1q — 5As4
transition is sufficiently red-shifted from the host NC’s band gap that very little reabsorption
occurs. However, the second finding from Bradshaw et al. is that when NC reabsorption effects
are eliminated, the composition of the solvent and ligands have a noticeable impact on the large
scale attenuation characteristics of NC emission.*® For instance, the C — H bonds in toluene have
sufficiently high absorption that tetrachloroethylene was used as the primary solvent for most of
the measurements in this study. Even when the solvent was replaced, attenuation was still
observed for Mn?*-doped CdxZn1-«Se emission, and this attention was attributed to C — H bonds
on the NCs’ ligands. These observations motivate the development of more doped NC systems
for LSCs and establish the 1D LSC as a useful way to predict the performance of new LSC

luminophore materials in various liquid media.

122 Yb3*-Doped Perovskites for LSCs

Figure 1.3a describes the energy structures of an array of possible doped NC systems for

LSCs. Mn?*-doped materials have been discussed above, but Cu* emission received further
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research attention because its characteristic emission can be lower in energy than Mn?* emission.
This permits the use of lower bandgap host semiconductors that can collect a larger fraction of
the solar spectrum. Cu*-doped CdSe* ! and Cu*-doped InP*® have all been demonstrated as
promising luminophores, but CulnS, NCs with high effective Stokes shifts and broad Cu*-based
PL were quickly identified as a promising luminophores for LSCs.47-48 %0. 52, 64-65 Beyond these
materials, Yb%* emission was identified as an ideal candidate for LSCs because the ?Fs; — 2F7s
luminescent transition at roughly 985 nm is well-matched to the band gap of silicon and typically
has a low FWHM.%-" NC-sensitized Yb%* emission has been demonstrated for Yb**-doped CdSe
NCs® and Yb®*-doped PbIn;Ss NCs,®® but neither of these materials have NIR PLQYs higher
than 10%. Recently however, Yb**-doped CsPbCls NC materials were successfully synthesized
with NIR PLQYs greater than 100%.’%" This system was further characterized to demonstrate
that this high PLQY can be explained by a quantum-cutting process that relies on concerted
energy transfer from the NC excited state to two Yb®'-ions that each release a photon for

everyone one photon absorbed, as described in Figure 1.3b."2
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Figure 1.3. Energy structure of ideal doped NC systems for LSCs. (a) Band structure of
possible material options for Mn2?*, Cu*, and Yb*'-doped systems. The photoluminescent
transitions of these dopants are represented as orange, red, and maroon arrows, respectively, and
possible host lattice conduction band structures are shown as shaded black areas. These energies
are compared with the band gap of silicon, which is best matched to Yb®*" emission. (b)
Absorption and photoluminescence spectra of Yb*":CsPbCls NCs. The absorption-emission
overlap is minimal, making them ideal for LSCs. The inset diagram describes the hypothesized
guantum-cutting mechanism that explain measured PLQYs greater than 100% for these
materials. Panel a Adapted with permission from ref. 44 Copywrite 2014 American Chemical
Society. Panel b Reproduced with permission from ref. 72 Copywrite 2018 American Chemical
Society.

Despite the exciting properties of these materials, there are two critical challenges that

need to be addressed for their deployment in LSCs. First, the band gap of the host CsPbCls
material is too high to absorb a significant fraction of the solar spectrum. This could make
Yb®":CsPbCls materials ideal candidates for transparent solar window applications, and it’s band
gap can be slightly tuned with anion alloying.”"* Nevertheless, an additional approach must be
developed to effectively use these quantum-cutting materials in high efficiency LSCs. One
proven solution is to use a tandem architecture that provides an additional lower band gap
component to the device architecture to collect light not absorbed by higher band gap

materials.3® 53 83 7576 ynlike other tandems, this theoretical device would rely on quantum
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cutting to enhance the photocurrent generated from voltage matched solar cells instead of relying
on solar cells with different band gaps that require photocurrent matching to enhance overall
voltage, vastly simplifying the device. Furthermore, since Yb®* emission does not overlap with
the bandgap of most possible LSC materials, both materials could be integrated in a layered
monolithic device.

Second, as discussed in Section 1.2.1, C — H bonds common in most solvents and
waveguiding materials are known to attenuate light due to a series of vibrational overtones in
these bonds. These absorption features are relatively week in the visible regime,”” but they have
nevertheless been identified as a loss mechanism in some LSC configurations.5> 78
Additionally, the absorbance of these overtones increases with increasing wavelength, which
suggests that NIR emission will be more severely attenuated than visible emission. It was
predicted that the intensity of these vibration overtones could be substantially reduced by
replacing hydrogens with other halogen atoms such as fluorine or chlorine.”” This prediction was
thoroughly explored within the fiber optics community to find that full replacement of all C — H
bonds with C — F bonds in polymer materials nearly eliminates these overtone absorption
features.”® Furthermore, partial replacement of C — H bonds can mitigate the effect of these
overtones while yielding materials that do not need to be processed with dangerous fluorinated
solvents.2%8! These possibilities are promising, but new methods of NC polymer composite
fabrication would need to be developed to embed these NCs in a fluorinated polymer. Therefore,
a solution state evaluation of the effect of these C — H bonds on the lateral transmission of NIR

emission would be important to inform any future polymer composite work.
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1.3 NANOCRYSTAL POLYMER COMPOSITES

The liquid cell measurement and LSC device design considerations discussed in Section
1.2 motivate a thorough investigation of methods to suspend perovskite NCs in various solid
composites. This composite should have several key properties to be suitable for LSC and other
applications. First, the NC/composite should be free of large NC aggregates that scatter light.
Second, the composite should be solution processable under mild conditions with solvents that
are non-toxic and that will not irreversibly degrade the perovskite NC structure. Third, as
discussed in Chapter 2, the C — H bond content should be tunable for potential applications with
NIR emitting NCs. Finally, the original NC properties should be preserved with high stability in
the final composite.

A substantial amount of research effort has been dedicated to developing solid
composites of CdSe and other 111 — V materials for LEDs. One informative example comes from
Jun et al. and the Samsung Advanced Materials Research Division.8? In this work,
CdSe/CdS/ZnS NCs were stabilized in silica monolith structures for downconverting LEDs.
They demonstrate that few CdSe aggregates form in these monoliths using UV-vis spectra that
show minimal sub-bandgap scattering character for composites with high NC concentration.
Additionally, they show that the original PLQY of the underlying NCs is well preserved through
the fabrication of these solid composites. These successes can be explained by NC designs that
insulate the emissive NC core from surface defects and by carefully considering NC surface
chemistry when developing the silica condensation process. For instance, propylamine is used as
a catalyst in this study because amine groups are known passivating groups for Il — VI NC

surfaces.83-84
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While such observations are informative to the task of developing solid NC composites,
there are a number of properties of this work that will not transfer well to perovskite NC/polymer
composites for LSCs.8? Firstly, silica monoliths typically form as large semi-crystalline domains
that may scatter light in LSC applications. Second, the particular condensation reactions used to
develop the solid composites in this study will likely require more water than perovskite NCs can
tolerate. That said, the overall approaches here inform the polymer development study described
in Chapter 3, along with several additional considerations. Firstly, this work is guided by a
thorough understanding of perovskite NC surface chemistry discussed in Section 1.3.1. Then a
number of polymer chemistry considerations are described in Section 1.3.2. Finally, to evaluate
the overall stability of NCs within these solid polymer composites, Section 1.3.3 discusses

methods to determine the viability of any potential NC/polymer composites.

131 Perovskite Surface Chemistry

Some sections adapted with permission from Huang, Y.; A. Cohen, T.; M. Sperry, B.; Larson,
H.; A. Nguyen, H.; K. Homer, M.; Y. Dou, F.; M. Jacoby, L.; M. Cossairt, B.; R. Gamelin, D.;
K. Luscombe, C. Materials Horizons 2022, 9, 61. Copywrite 2022 Royal Society of Chemistry.
In 1958, metal-halide perovskites were found to have unusually high and tunable
photoconductivity.!® In the earliest stages of the development of these materials, little was
understood about the structure and chemistry of these materials. However, the high ionicity of
the perovskite surface inspired the development of various cationic and anionic ligands to
passivate charged surface defects. These efforts were critical for the fabrication of single-layer
perovskite solar cells with power conversion efficiencies (PCEs) of 25.6%,%° perovskite-
perovskite tandem cells with a 24.8% PCE,® and perovskite-silicon tandem cells with a 29.15%

PCE.®" Such promising results inspired an expansion of perovskite research to colloidal
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nanocrystalline versions of the materials® 892 that have now been used in applications such as
LEDs,%*% lasers, %% X-ray detectors,?%1% and single-photon sources.'?>1% These applications
are enabled by the high defect tolerance of perovskite NCs'®1% and their broad spectral
tunability with anion'®-!! and cation’®7% 112113 glloying. Many researchers have found that the
high ionicity of metal-halide perovskites often leads to degradation of their favorable
photoluminescence,*** 7 hindering their use in several important research areas. Fortunately, it
has been shown that these NCs can be effectively stabilized and passivated by carefully
considering their surface structure and designing anchor groups that accommodate their lattices.
The first reported synthesis of colloidally stable perovskite NCs used a combination of
oleylamine and oleic acid.*® Methylammonium is a key component of thin-film perovskites, and
early reports demonstrate that longer chain alkylammonium molecules have high potential as
defect passivating groups for perovskite solar cells.**®11® These results suggest that ammonium
ions are a critical anchor group for stabilizing the surfaces of perovskite NCs, a hypothesis that
was confirmed by NMR studies to show that oleylammonium oleate groups are the main anchor
groups that coordinate with perovskite NC surfaces, rather than oleylamine and oleic acid.*?
Figure 1.4a shows the ligand-NC binding equilibrium characteristics for these materials. Unlike
the tight ligand binding characteristics typical of Il — VI and IIl — V semiconductor NCs,
perovskite NC-ligand interactions are far weaker'?%-1?2 despite these materials having very high
PLQYs. The high PLQYs are explained by density functional theory (DFT) studies
demonstrating that most perovskite defect structures produce trap states that do not lie within the
material’s bandgap.1%-1%® However, it was later shown experimentally® and with DFT% that
undercoordinated lead sites at terminal surfaces or grain boundaries are critical defects that may

be responsible for reduced NC PLQY. These studies inspired a large amount of synthetic and
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ligand chemistry investigations to improve perovskite NC PLQY and increase overall NC

stability by passivating such lead sites.
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Figure 1.4. NC binding characteristics for various perovskite ligands. (a) Scheme
demonstrating the dynamic ligand binding behavior observed when oleylamine and oleic acid
ligands are used to stabilize perovskite NCs. (b) Scheme showing that zwitterionic groups
containing soft Lewis bases (red) and quaternary ammonium ions (blue) exhibit tight binding
with perovskite NC surfaces. Panels a,b reproduced with permission from ref. 124 Copywrite
2018 American Chemical Society.

This motivated the investigation of anionic groups that could passivate undercoordinated
lead sites. Phosphonate and phosphines groups have exposed lone pair electrons that have shown
high potential as passivating groups for thin-film perovskites.*?>1? Trioctylphosphine was
occasionally used to help dissolve lead precursors for hot injection syntheses,'® but was further
explored to show that trioctylphosphine?” and trioctylphosphine oxide*?® can be used to improve
NC stability and PLQY. It was even shown that the PLQY of degraded NCs coordinated with

traditional ligands could be recovered by simply treating with the NCs with a solution of
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trioctylphosphine.'?>1%° This recovery is presumably due to an association of electron pairs on
phosphine or phosphine oxide moieties with the undercoordinated Pb?* sites that are typically
associated with low NC PLQY.1%: 131 The hypothesis was verified for perovskite thin films by
studying the effect of film treatment with electron pair containing molecules such as thiophane
and pyridine.r®? Perovskite NC defect passivation was investigated in a thorough study of DFT
and experimental results from anionic ligand exchanges to show that softer Lewis base anions
such as phosphonates, fluorinated carboxylates, and sulfonates are effective passivating groups
for the soft Lewis acid character of undercoordinated lead.’®® Such results explain the high
performance of phosphonate and sulfonate containing zwitterionic ligands described in Figure

1_4b.124, 133

1.3.2 Polymer Composite Considerations

This understanding of NC surface chemistry must then be paired with polymer science to
develop a system that can suspend and stabilize perovskite NCs in a solid polymer composite.
This can be done by designing a co-polymer system that contains NC binding groups and
additional monomers that define the final polymer suspension medium. Of the possible NC
binding groups described above, zwitterionic groups containing quaternary ammonium and
sulfonate groups have been well validated through a number of NC ligand studies !?* 133-134
Additionally, the distance between the ions on these groups can be tuned to accommodate the
perovskite composition of interest by changing the number of methylene spacers between the
ligand cationic and anionic groups,'?* providing an interesting route to tune these binding groups
for a wide variety of perovskite materials. These groups are also commonly appended to polymer
backbones for various applications,**% including highly relevant demonstrations of their

ability to stabilize perovskite solar cells.**"*3 Furthermore, tertiary amine groups can be
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functionalized with zwitterionic groups post-polymerization, which increases the flexibility of
zwitterionic polymer synthesis,!3%-140

Because of the inherent modularity of the co-polymer approach, various host matrix
groups can be considered for this system. The broad use of acrylate polymer chemistry in
LSCs* 49141 and their ease of processing led us to primarily investigated acrylate monomers for
this work. Furthermore, as discussed in Section 1.2.2, partially fluorinate acrylate groups were
investigated to limit NIR attenuation due to C — H bond absorption in LSCs. Prior studies of
these polymers have established hexafluoroisopropyl methacrylate®® and pentafluorophenyl
methacrylate®! as potential options for partially fluorinated host matrices. Of these two options,
hexafluorisopropyl acrylate was chosen because this monomer and its non-fluorinated equivalent
are both commercially available. Additionally, the branched nature of the isopropyl group is
predicted to yield better solution processability and limit solid state aggregation when cast into
thin films,1421%% a property that is critical for its success in LSCs. Finally, in order to facilitate
solution processability, chain transfer agents can be added during polymer synthesis to limit the
molecular weight of the final polymers.}** This yields polymers that are highly soluble, and by
limiting the number of monomers in each polymer, the probability of forming a polymer that has

two or more zwitterionic groups is reduced. This could limit NC crosslinking and aggregation in

solid polymer composites.

1.3.3 Methods of Evaluating NC/Polymer Stability

Once a solid NC/polymer composite is successfully fabricated, it is important to evaluate
the stability of the NCs within these composites under a variety of conditions. The simplest
version of this measurement is to expose the sample to ambient atmospheric conditions for an

extended period of time. Since oxygen and water are present in the atmosphere, this method of
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stability characterization is particularly useful for evaluating the vulnerability of NC emission to
oxygen and water exposure.*>146 However, since most possible applications of these NCs rely
on their stability under irradiation, it is critical that the photostability of any NC/polymer
composite is thoroughly evaluated. This is because irradiation can catalyze several degradation
reactions that have been shown to reduce the size of the cesium-based perovskite NCs with
increased irradiation time, compromising their favorable optical properties. 103 116117
Furthermore, the thermalization of excited carriers to the perovskite band edge increases the
internal temperature of the NCs, which can change the NC crystal structure in ways that
compromises NC PLQY 147148

Some previous reports have demonstrated impressive irradiation stability of perovskite
NC/polymer composites. Meyns et al. made NC composites with poly(maleic anhydride-alt-1-
octadecene) and demonstrate improved stability under 100 mW UV irradiation.*® Raja et al.
used polystyrene to stabilize NC composites that have high UV stability when analyzed by
quantifying the number of photons absorbed per NCs before the samples fully degrade,**® and He
et al. used polymer micelles to stabilize NC solutions under 720 pW cm™ UV irradiation.* Lu
et al. stabilized perovskite NCs in a commercial, two component fluoropolymer called Hyflon
AD 60, and demonstrated photostability under UV irradiation with a power intensity of 720 pyW
cm2.1%2 These reports demonstrate qualitative improvements in photostability for a variety of
NC/polymer composites, but the different sample preparation and irradiation quantification
procedures makes it challenging to compare between these various studies. Furthermore, these
measurements rely on single PL measurements taken with time intervals on the order of minutes
or hours. This means that any decreases in PL intensity that occur on the timescales of seconds

would be missed by these measurements.
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Figure 1.5. Diagram describing an irradiation stability measurement. A large-area, 50 W, 450
nm LED is mounted above a retractable shutter and the NC composite sample. Light emanating
from the edge of the sample is collected through an optical fiber by a spectrometer. Once the
shutter is retracted, continuous spectra can be collected at time intervals as small as seconds to
observe early-time PL intensity dynamics. Reproduced with permission from ref. 153 Copywrite
2021 Royal Society of Chemistry.

Figure 1.5 describes an irradiation stability measurement appropriate for assessing a

number of properties of perovskite NCs under high intensity illumination. This setup uses a 450
nm, large-area irradiation source to illuminate the full area of a NC sample. A shutter is placed
between the irradiation source and the sample so that the initial LED intensity dynamics do not
impact the stability measurement. A fiber coupled spectrometer is then used to collect full
spectra from the sample with tunable collection intervals ranging from seconds to minutes.
Additionally, the precise fluence incident on the entire facial area of the sample can be measured
by replacing the sample with a calibrated photodiode. This eliminates the uncertainty regarding
the translation of LED power to the actual fluence incident on the entire sample. Furthermore,

full irradiation of the sample permits comparisons of the overall PLQY of the sample before and
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after these measurements. Such data can be used to investigate whether the self-healing observed
in methylammonium-based perovskite thin films is present in cesium-based perovskite
NC/polymer composites.?>*% Additionally, the use of a shutter and short collection intervals
permits the detection and investigation of rapid changes in PL intensity under illumination that
have been observed in formamidinium-based perovskite NCs.!®® Such changes are highly

relevant for any potential application of NC/polymer composites.

1.4 ELECTROHYDRODYNAMIC INKJET PROCESSING OF PEROVSKITE

NANOCRYSTALS

The perovskite NC polymer stabilization approach described in Chapter 3 inspired a
search for an interesting way to process these NCs for device applications. However, given the
large amount of solvent and high cost required to fabricated perovskite NCs®’ and the
development of methods to deposit large-area quantum-cutting scatter-free perovskite thin films
via vapor deposition,'*® it was determined that a large-area NC-based LSCs were not the most
ideal application for perovskite NCs. This inspired an exploration of methods to utilize NCs in
applications that required smaller amounts of material than is needed to fabricate a full-scale
LSC. On interesting opportunity is to use these NCs in emerging photonic device platforms that
require coupling of NC emission to optical waveguides for quantum information and other
applications. These devices require that NCs are deposited on solid structures while still
maintaining their optical properties. These structures are several orders of magnitude smaller
than typical LSCs, which reduces the amount of NC material required for these devices. In fact,
some quantum photonic applications of these NCs requires the precise placement of single NCs

on photonic devices.
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The following section discusses the potential of electrohydrodynamic (EHD) inkjet
printing as a method to process these NCs for photonic devices. Section 1.4.1 describes the
relevant background of fluorescent NC patterning methods that motivates the development of
this technique to process arrays of perovskite NCs, with the potential to place single NCs on
qguantum photonic devices. Section 1.4.2 describes the NC surface chemistry considerations
necessary to formulate NC inks for EHD inkjet printing. These decisions are inspired by lessons
learned in the polymer composite study described in Chapter 3. Finally, the necessary post-print
characterization methods for these EHD inkjet-printed NCs are described in detail. This
background is relevant to the use of EHD inkjet printing described in Chapter 4 to process

CsPbBr3 NCs for photonic device integration.

1.4.1 Printing Motivations and Applications

While the LSC applications of NCs discussed in Section 1.2 do not require precise
materials patterning, LED and display technologies require that NCs structures are arranged on a
device substrate with sub-micron precision. Within this effort to pattern luminescent materials,
particular interest has been placed on the printing of single NCs to take advantage of their
quantum coherence properties.*>*1% Early research in this area focused on I11 — V quantum wells
fabricated with molecular beam epitaxy.6262 Tunable quantum dots of InAs fabricated with this
method have been well characterized,*®® integrated with photonic circuits,*%* and optimized to
yield single NCs with impressive optical coherence times.'®>1¢” However, the growth process
cannot produce single, reproducible NCs on demand, which means that some post-synthesis NC
selection is required to integrate these materials with photonic devices.163164 188 Thijs approach is
promising for small investigations of single photonic devices, but would likely be incompatible

with the complex architecture of a full integrate photonic circuit.!®® These substrate restricted
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device designs can be addressed with atomic force microscope (AFM) based methods that either
use electrostatics to “pick and place” emitters onto photonic devices*’®"? or heat an AFM tip to
pick up and place NCs via hot-tip lithography.t”*1"> Unfortunately, these approaches can be
difficult to automate and may become impractical for large, complex device architectures.
Transfer printing has also been used to deterministically place single NCs,*’® but this method still
requires monitoring with an optical microscope to ensure precise NC placement on photonic
devices.

When considering scalable materials patterning, most complex device structures are
fabricated with lithography.t’” However, these methods have yet to be fully transferred to pattern
luminescent NC materials. Early studies demonstrated that CdSe NCs could be patterned with
optical lithography, but the NCs in these patterns typically had lower PLQYs and poor
photostability.*®1"® More recently, optically-driven NC/ligand crosslinking reactions have been
leveraged to produce high-resolution CdSe NC patterns with impressive electrical properties®
and largely unchanged optical properties after patterning.'®-182 These methods are compatible
with electron-beam lithography*®318* and have evolved to be compatible with perovskite NCs.!8>
187 Alternatives to optical and electron beam lithography include nanoimprint lithography!8-191
and other template-based techniques,®2*% transfer printing,'**'" and laser writing.1%1%
However, these inherently subtractive technique produces large amounts of material waste and
either require a pre-fabricated mask or have long process times. They also cannot be used to

pattern single NCs.
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Figure 1.6. EHD inkjet-printing for materials processing. (a) Schematic describing the
process of EHD inkjet printing. An electric field is applied from a print nozzle to a substrate,
thereby creating a Taylor cone-shaped meniscus at the end of the print nozzle that generates far
smaller droplets than is possible without an electric field (b) AFM images of EHD inkjet-printed
polyurethane showing that sub-micron features can be generated with this method of printing.
Reproduced with permission from ref. 200 Copywrite 2007 Springer Nature.

Inkjet printing is emerging as a promising method to pattern NCs for numerous
applications,?°12% because it is an additive, rapid, mask-free method of patterning colloidally
stable materials with almost no material waste. Typical inkjet printing resolutions are limited to
tens of microns, but it was discovered that an electric field could be used generate far smaller
droplets and printed features than could be done previously.?®® 2%* The sub-micron feature sizes
demonstrated in Figure 1.6 suggests that this method of EHD inkjet printing is a highly
promising method of patterning luminescent NCs. So far, EHD inkjet printing of luminescent
NCs has been used to manufacture light emitting diodes,?°>2% photodetectors,?”’ anti-counterfeit

208

patterns,?® and chip-integrated plasmonic lasers.?%-2 Additionally, EHD inkjet printing has

been investigated as a potential method for patterning luminescent materials on integrated
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photonic circuits. Early work in this area focused on integrating CdSe NCs with plasmonic
structures,?*122 and it was even shown that single CdSe NCs could be deterministically coupled
to gold plasmonic wedge waveguides.?*®> Organic dye molecules have also been coupled to

photonic crystal cavities with EHD inkjet printing,2®

and a recent report demonstrates that
quantum emitter behavior can be obtained from EHD printed terrylene dye molecules.?** Since
then, perovskite NCs have emerged as promising materials for photonic device integration due to
their single photon emitter properties,'°21% high optical coherence times,'® and lifetime limited
spin coherence.?®® Furthermore, it was shown that self-assembled perovskite NC superlattices
have correlated quantum emission properties due to a superfluorescence-induced alignment of
individual NC transition dipoles within these superlattices.?*® These NCs have been processed
with EHD inkjet printing for LEDs?'’ and radiative lifetime-encoded security tags,?® but this

method has not been used to deterministically place perovskite NCs on chip integrated photonic

cavities.

1.4.2 Perovskite NCs Ink Formulation and Print Characterization

Some sections adapted with permission from Huang, Y.; A. Cohen, T.; M. Sperry, B.; Larson,
H.; A. Nguyen, H.; K. Homer, M.; Y. Dou, F.; M. Jacoby, L.; M. Cossairt, B.; R. Gamelin, D.;
K. Luscombe, C. Materials Horizons 2022, 9, 61. Copywrite 2022 Royal Society of Chemistry.
As discussed in Section 1.3, a careful consideration of NC surface chemistry is necessary
to ensure that the NCs can be processed and stabilized for their intended application. Chapter 3
describes one example of a custom NC/polymer composite that excels at stabilizing perovskite
NCs for various applications. However, prior studies of EHD inkjet printing of photoactive NCs
demonstrated that NCs functionalized with typical organic ligands can be processed with EHD

inkjet printing.2% 218-21% Therefore, the library of typical perovskite NC ligands was considered
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for the work described in Error! Reference source not found.. Amongst these options, we
chose to investigate ligands that contain additional bromide. This is because in early work with
perovskite NCs, it was noted that bromide ions play a critical role in ligand desorption reactions
by coordinating with ammonium ions in solution.!?® This idea — along with the attribution of low
NC PLQY to undercoordinated lead discussed in Section 1.3.1 — led researchers to explore routes
to add additional halide anions to passivate these defects, considering that halides are native
lead-coordinating components in perovskite lattices. Post-synthetic treatment with excess lead

bromide,?%

and halide containing ligands such as didodecyl dimethylammonium bromide
(DDABY) 221223 and oleylammonium halide??* also improve the PLQY and stability of perovskite
NCs. This treatment with DDABTr and other similar ligands has proven effective, and quaternary
ammonium bromide-containing ligands has become a popular perovskite NC passivating
group. 109 116, 146, 208, 225226 Tpgrefore, we chose DDABr to develop EHD inkjet printable
perovskite NC inks. Furthermore, the small droplets generated with this technique elevate the
evaporation rate of NC solvents.??” This motivates the use of high boiling point solvents such as
tetradecane and 1,3,5-triethylbenzene for this technique. These solvents have relatively low
polarizability, which suggests that the dielectric properties of the NCs will be most relevant to
the printing process.

228 and

Previous studies of perovskite NC properties when placed high electric fields
processed with EHD inkjet printing?®® 2!7 suggest that the original NC properties can be
preserved after exposure to high electric fields. However, closed-packed perovskite NC
structures can degrade in ways that cannot be detected by typical physical and spectroscopic

characterization methods.?®® These changes can be seen by TEM, which motivates the

development of methods to perform TEM of EHD inkjet-printed NCs. The carbon coated metal
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TEM grids typically used for imaging non-printed NCs have been used in other reports of EHD

inkjet printing, 2% but 6 — 12 kV of printing bias were required to print on these grids.
Alternatively, silicon nitride membrane window TEM grids are silicon substrates that contain
small windows of silicon nitride within the substrate facial area. These windows are ~30 nm
thick, which is sufficiently transparent to electron beams that any material on top of them can be
imaged with TEM. The silicon support structures of these grids are similar to the silicon
substrates typically used for EHD inkjet printing, which suggests that similar print parameters to
those used for silicon substrates can be used to print NCs onto these TEM grids. Upon imaging,
given the high instability of perovskite NCs to electron beam exposure,?® it is possible that the
insulating nature of these grids will facilitate beam-induced degradation. This can be remedied

by applying a small carbon coating to the silicon nitride membrane window TEM grid.

1.5 CONCLUSION

In summary, we’ve discussed three interesting use-inspired research areas of interest for
perovskite NCs that can inform future device applications of these materials. These NCs have
many impressive optical properties that can be utilized in numerous fundamental and applied
studies. However, more work that leverages fundamental understanding in use-inspired work
will be critical to develop these materials for their numerous potential applications. To this end,
Section 1.2 discussed the considerations and experiments necessary to use quantum-cutting
Yb**-doped perovskite NCs in LSCs. The implications of these studies regarding ideal polymer
host matrices for LSCs motivate the development of modular NC/polymer composites, as
discussed in Section 1.3. Finally, Section 1.4 explores ways to leverage fundamental knowledge
of NC surface chemistry to process perovskite NCs with EHD inkjet printing. These discussions

introduce several possible experimental and theoretical investigations of perovskite NCs that
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range from more fundamental to more applied in nature. Such broad investigations should

produce fundamental understanding while also yielding several use-inspired materials platforms

and processes to help translate perovskite NCs from lab innovations to real-world products.
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CHAPTER 2. QUANTUM-CUTTING YB?*"-DOPED PEROVSKITE
NANOCRYSTALS FOR MONOLITHIC BILAYER
LUMINESCENT SOLAR CONCENTRATORS

Reproduced with permission from Cohen, T. A.; Milstein, T. J.; Kroupa, D. M.; MacKenzie, J.
D.; Luscombe, C. K.; Gamelin, D. R. J. Mater. Chem. A 2019, 7, 9279. Copywrite 2019 Royal
Society of Chemistry.

2.1 OVERVIEW

Luminescent solar concentrators (LSCs) can concentrate direct and diffuse solar radiation
spatially and energetically to help reduce the overall area of solar cells needed to meet current
energy demands. LSCs require luminophores that absorb large fractions of the solar spectrum,
emit photons into a light-capture medium with high photoluminescence quantum vyields
(PLQY?s), and do not absorb their own photoluminescence. Luminescent nanocrystals (NCs) with
near or above unity PLQY's and Stokes shifts large enough to avoid self-absorption losses are
well-suited to meet these needs. In this work, we describe LSCs based on quantum-cutting
Yb3*:CsPb(Cli«Brx)s NCs that have documented PLQYs as high as ~200%. Through a
combination of solution-phase 1D LSC measurements and modeling, we demonstrate that
Yb3*:CsPbCls NC LSCs show negligible intrinsic reabsorption losses, and we use these data to
model the performance of large-scale 2D LSCs based on these NCs. We further propose a new
and unique monolithic bilayer LSC device architecture that contains a Yb3*:CsPb(Cl1xBry)s NC
top layer above a second narrower-gap LSC bottom layer (e.g., based on CulnS; NCs), both
within the same waveguide and interfaced with the same Si PV for conversion. We extend the

modeling to predict the flux gains of such bilayer devices. Because of the exceptionally high
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PLQYs of Yb*:CsPb(ClixBry)s NCs, the optimized bilayer device has a projected flux gain of

63 for dimensions of 70 x 70 x 0.1 cm®, representing performance enhancement of at least 19%

over the optimized CulnS; LSC alone.

2.2 INTRODUCTION

Luminescent solar concentrators (LSCs) are passive concentrating devices that use
luminophores embedded in transparent waveguides to redirect solar radiation from large areas
onto the smaller areas of optically coupled photovoltaic (PV) cells.)> LSCs have been
intensively researched for decades®’ because they can concentrate diffuse light with potentially
unlimited flux gains®*! (ratio of photons converted by a given LSC-coupled PV to photons that
would be converted by the same PV exposed directly to the same solar flux) using a collection
waveguide fabricated from relatively low cost and low energy-to-manufacture per unit area
materials. Recent models suggest that 100,000 square kilometers of conventional dense-cell
solar-panel area would be required to meet current energy demands.'? With an energy pay-back
period for silicon PV that will likely remain on the order of several years,'® LSCs are well suited
to reduce the total area of silicon PV cells required to meet energy demands.?

Most early work with LSCs used organic dyes as luminophores, and these LSCs have
now been implemented in a variety of large-scale installations.}*1’" Recently, several inorganic
semiconductor nanocrystals (NCs) with high photoluminescence quantum yields (PLQY's) have
been explored for LSC applications, including various simple luminescent NCs,*82% as well as
more complicated NC structures such as core/shell NCs,?*?® dot-in-rod NCs,?® and a variety of
impurity- or defect-activated NCs.3*#° Such semiconductor NCs can be made with less
reabsorption of their own emission, larger absorption cross-sections, greater photochemical

stability, and broader solar absorption than organic dyes. A survey! of several leading NCs
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showed that Mn?*-doped®’3% ¢ and Cu*-doped®” #* NCs have substantially less intrinsic
reabsorption than heterostructured NCs. CulnE; (E = S, Se) NCs have similar PL characteristics
as Cu*-doped NCs*** and can be made with higher PLQYs. Consequently, LSCs based on
CulnE, NCs have been heavily investigated®?3% %40 and are currently being commercialized by
UbiQD. Beyond Mn?* and Cu*, Yb®" has been targeted as a NC dopant of particular interest for
LSCs because its ?Fs;, — 2F7p2 f-f transition combines a narrow PL lineshape with high PLQYs
and low f-f oscillator strengths (low reabsorption) at energies only slightly above the silicon band
gap.3® Several LSC designs employing Yb3* luminescence have already been reported,*-° but
the luminophores used to date have lower absorption cross sections than organic dyes or
inorganic NCs. Attempts at sensitizing Yb** luminescence using intermediate-gap semiconductor
NCs have been moderately successful,®>® but none of these materials were sufficiently
promising until the recent development of Yb3:CsPbXs perovskite NCs, which show highly
efficient picosecond quantum cutting that generates PLQYs approaching the quantum-cutting
limit of 200%.54-°

Although quantum-cutting Yb®-doped CsPbXs NCs have reabsorption-minimizing
effective Stokes shifts and unprecedented PLQYs for doped NCs, the energy-conservation
requirement of quantum cutting limits their solar absorption to 4 < ~500 nm.%-® This limitation
mirrors the challenges faced by high-band-gap PV materials, which have therefore emerged as
candidates for alternative configurations including tandem or multi-junction PV cells.>®* The
tandem concept has already been explored in LSCs based on organic®2-%* or inorganic®® 27 40. 65-66
luminophores. Here, a top LSC coupled to a wider-gap PV is placed above a separate bottom
LSC coupled to a lower-gap PV and the PV voltages are summed, allowing bluer photons to be

converted with greater energy efficiency than in a single-layer LSC. Two-terminal tandem
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devices require near-perfect photocurrent matching between the top and bottom cells under all
operating conditions to prevent the closed-circuit current from being limited by the lowest
performing PV cell, however. Photocurrent losses are observed even in state-of-the-art two-
terminal tandem PV cells,>*®! and this challenge has not been addressed in the tandem LSC
literature.

In this work, we use a 120 cm 1D LSC3!*2 to demonstrate that Yb*":CsPbCl; NCs indeed
behave as zero-reabsorption, high-efficiency luminophores suitable for application in large-scale
LSCs. We show that Yb3*:CsPbCls NCs have negligible intrinsic attenuation losses over these
large waveguide lengths, but also that severe attenuation is still observed when the waveguide
contains C-H bonds (high-frequency vibrations). This result has important implications for future
large-scale LSC work involving these materials, because it precludes the use of popular acrylics
as waveguides. With these results in hand, we further propose and model a new monolithic-
bilayer LSC device architecture integrating quantum cutting that offers an attractive alternative
to traditional tandem LSCs. This new device concept is fundamentally different from tandem
LSCs in that the concentrated photons from both luminophore layers are all directed via the same
waveguide to the same PV, circumventing the expenses and technical challenges associated with
current matching in normal tandem devices. For illustration, we model integration of a layer of
band-gap-optimized Yb3*:CsPb(Cl1xBry)s NCs on top of a state-of-the-art CulnSz NC LSC in a
monolithic bilayer configuration and predict improvement of overall LSC performance by at
least 19%. These results identify both practical guidelines and conceptual directions for future
LSC development that can capitalize on the unique spectroscopic and photophysical properties of

quantum-cutting Yb3*:CsPb(Cl1xBrx)s NCs.
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2.3 METHODS

Materials. Lead acetate trihydrate [Pb(OAc)2:3H20] (99.9%, Baker Chemical),
ytterbium acetate hydrate [Yb(OACc)3-xH20] (99.9%, Strem Chemical), cesium acetate [CSOAC]
(99.9%, Alfa Aesar), anhydrous ethanol (200 proof, Decon Laboratories, Inc.),
chlorotrimethylsilane (TMS-CI) (98%, Acros Organics), bromotrimethylsilane (TMS-Br) (97%,
Sigma Aldirch), 1-octadecene (ODE) (90%, Sigma Aldrich), oleylamine (OAm) (70%, Sigma
Aldrich), oleic acid (OA) (90%, Sigma Aldrich), hexanes (99%, Sigma Aldrich),
tetrachloroethylene (TCE) (99%, Alfa Aesar), anhydrous ethyl acetate (99%, Sigma Aldrich),
and 1/4” and 1/8” extruded poly(methyl methacylate) (PMMA) slabs (Evonik Cyro LLC) were
used as received unless otherwise noted.

Nanocrystal synthesis and purification. Yb®*:CsPbCls NCs with the highest Yb%*
emission quantum yield were synthesized by hot-injection following procedures reported
elsewhere.>® Samples suspended in TCE were not filtered after washing and purification. To
synthesize the mixed Yb*":CsPb(Cli-xBrx)s NCs, a freshly synthesized Yb*":CsPbCls NC sample
in hexane was transferred into an N2 filled glovebox. Small amounts of 1 M TMS-Br in hexane
were titrated into the NC sample until the absorption onset reached 488 nm.%’

Physical measurements. Optical absorption spectra in the visible regime that require a 1
cm cuvette were collected at room temperature using a Cary 60 spectrometer. All other optical
absorption spectra were collected at room temperature using a Cary 5000 spectrometer.
Wavelength independent absorption constants were added to the absorption spectra of hexanes
and TCE to account for reflection losses. NC transmission electron microscopy (TEM) images
were collected using a FEI TECNAI F20 microscope at 200 kV. TEM samples were prepared by

drop casting NC suspensions onto carbon-coated copper grids from TED Pella, Inc. Powder X-
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ray diffraction (XRD) spectra were collected using a Bruker D8 Advance diffractometer.
Samples were prepared by drop-casting NC suspensions onto monocrystalline silicon wafer
substrates. Samples were irradiated using Cu Ka radiation (50 W). Photoluminescence spectra
for photoluminescence quantum yield (PLQY) and 1D LSC experiments were collected using a
monochromator coupled to a spectrally corrected nitrogen-cooled CCD. PLQY measurements
were performed according to the procedures described previously.>® Elemental compositions
were determined by inductively coupled plasma — atomic emission spectroscopy (ICP-AES,
PerkinElmer 8300). Samples were prepared by digesting the NCs in concentrated nitric acid
overnight with sonication. Yb3* atomic concentrations are defined as [Yb®*]/([Yb®'] + [Pb?*]).
1D LSC measurements. The apparatus for measuring LSC reabsorption losses used here
is based on a 120 cm long hollow quartz waveguide (Friederick and Dimmock Co.) with a 1 mm
x 1 mm square inner dimension and 1.65 mm x 1.65 mm outer dimension, suspended over a
black aluminum channel. The quartz tube was filled with sample using a removable capillary
tube. A 375 nm pulsed laser passed through an iris at its smallest setting was used as the
excitation source. Emission from the 1D LSC is treated as a point source and was collected using
our homebuilt CCD setup. The excitation source distance from the closed end of the tube was
varied by moving the laser across the laser table and aligning the laser perpendicular to the tube

to maximize signal.

2.4  RESULTS AND ANALYSIS

24.1 Nanocrystal Characterization and 1D LSC Measurement

Figure 2.1a shows representative absorption and PL spectra of Yb3:CsPbCls NCs
dispersed in hexane, and compares these spectra with the external quantum efficiency (EQE) of a

near infrared (NIR) enhanced Si HIT PV cell® and the AM 1.5 solar spectrum.®® The analytical
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atomic Yb®*" B-site concentration for these NCs was 5.4%, and the PLQY was measured to be
130% at a CW excitation rate ~ 350 s™. The NCs absorb UV light in a region where the Si PV
EQE is poor, and they reemit this energy in a region where the Si PV EQE ~ 1. Figure 2.1b
shows a representative TEM image of a sample of Yb®*":CsPbCls NCs. The NCs display the
characteristic cube-like shapes of the parent CsPbCls NCs. Figure 2.1c shows representative
XRD data demonstrating that the perovskite crystal structure was indeed synthesized. The

reproducibility of this synthesis was validated in our previous report.>®
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Figure 2.1. Yb®":CsPbCls NCs characterization for 1D LSC measurement.(a) Absorption and
normalized PL spectra of Yb3*:CsPbCls NCs (purple) plotted with the EQE of a NIR enhanced
Si HIT PV (green) and the AM1.5 solar spectrum (shaded area). Spectra were collected at room
temperature. (b) TEM and (c) XRD data for a representative sample of Yb3*:CsPbCls NCs.

Undoped perovskite NCs,%¢ 70 thin films,” and Mn?*-doped CsPbCls NCs* have been

used in LSCs previously. While this work was under preparation, a small-scale (5 cm x 5 cm)

LSC using these same quantum-cutting Yb®:CsPbCls NCs was also reported.”? This report



50
supports the premise that Yb®*":CsPbCls NCs are attractive for LSCs, as anticipated from their

spectroscopy, but it does not assess any of the fundamental loss mechanisms that are active
within such LSCs, and it does not evaluate performance in waveguides beyond the 5 cm x 5 cm
model LSC. Because the key attraction of LSCs is their ability to harvest photons over large LSC
facial areas for concentration into small PV areas, it is important to evaluate the photon losses in
larger waveguides, for example on the scale of a building's windows.>* * To this end,
measurements were performed here on Yb3*:CsPbCls NCs in a substantially larger waveguide
than investigated previously.

Figure 2.2a plots normalized experimental PL spectra collected in a (120 cm) x (1 mm)?
1D LSC at various excitation distances away from the LSC edge, where the photodetector is
mounted (complete PL intensity data are provided in the Figure A.1). For these measurements,
Yb®:CsPbCls NCs were suspended in hexane with a transverse optical density (ODy) of ~0.75
mm? at 375 nm (see Figure A.2 for complete visible absorption spectra). Figure 2.2b plots the
integrated intensities of the raw PL traces as a function of excitation distance, normalized to the
integrated PL intensity at the shortest excitation distance. These data show substantial
attenuation of the PL as the distance traveled by emitted photons to the detector through the
waveguide is increased. For comparison, Figure 2.2b also plots the experimentally determined
waveguide attenuation over these extremely large waveguide lengths, reflecting photon
scattering and otherwise imperfect transmission even in the absence of NCs. The curve plotted
here was obtained by fitting the 1D LSC attenuation data (see Figure A.3), which yielded a
wavelength-independent attenuation coefficient of 0.002 cm™. This curve represents the
performance limit of this particular 1D LSC waveguide, and it allows the intrinsic NC

performance to be assessed. These results show that the experimental Yb** PL attenuation is not
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due to waveguide losses. As independent confirmation, Figure 2.2b also plots analogous 1D LSC
data collected for the same NCs diluted by a factor of 10. These LSC data are essentially
indistinguishable from the higher-concentration data, indicating substantial attenuation that is not
caused by the NCs themselves. Instead, this attenuation can be traced to absorption of the Yb**
PL by vibrational bands of the organic medium containing the NCs in this 1D LSC. Figure 2.2a
also plots the absorption spectrum of hexane in the wavelength region of the Yb** PL and reveals
a series of weak but significant vibrational overtone bands characteristic of C-H stretching
vibrations.”® The data in Figure 2.2a show that the Yb3* PL intensity is attenuated on its red and
blue edges with increasing waveguide length, precisely where this PL overlaps with these

vibrational overtone bands.
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Figure 2.2. Spectral and integrated 1D LSC data from Yb3*:CsPbCls NCs in hexane. (a)
Normalized PL spectra of Yb**:CsPbCls NCs suspended in hexane with OD; ~ 0.75 mm™ at 375
nm, obtained from the 1D LSC experiment at various excitation distances relative to the edge-
mounted photodetector (see inset). The red curve shows the absorption spectrum of the hexane
solvent. (b) Integrated normalized Yb®*":CsPbCls NC PL intensity plotted as a function of
excitation distance away from the photodetector, for NCs in hexane with OD; ~ 0.75 mm?
(triangles) and OD: ~ 0.075 mm™ (circles) at 375 nm. The blue trace is the reabsorption
probability described in eq 1 modeled with hexane absorption from Figure 2a. The green line is
the experimentally determined performance limit of the 1D LSC. All PL data were collected with
excitation at 375 nm, and all data were collected at room temperature.

For quantitative data analysis, these 1D LSC data were modeled following methods
adapted from our previous work.31-3 Briefly, the PL reabsorption probability is described by eq

2.1,

—Anorm(A)L ODt)
t

R(L) = f PL,,.. (1) (1 ~10 2.1)
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where A,,,,-m (1) is the absorption spectrum of the NCs, solvent, and waveguide normalized at
375 nm, t is the thickness of the NC layer in the 1D LSC (t = 1.0 mm here), ODx is the optical
density over that thickness at the excitation wavelength of 375 nm, L is the excitation distance
away from the LSC collection edge, and PL,,,,m (1) is the amplitude of the area-normalized NC
PL spectrum measured at A. Using eq 2.1, the hexane absorption spectrum, and the PL spectrum
at L = 0 from Figure 2.2b, the attenuation of the integrated Yb®" luminescence intensity as a
function of L was simulated. The resulting curve is included in Figure 2.2b along with the
experimental data, and good agreement between the two is observed. Overall, this analysis
confirms that the PL attenuation in this experiment is not due to losses involving the NCs or the
glass portion of the waveguide, but instead comes from absorption of emitted photons by C-H
vibrations of the organic portion of the waveguide, and it allows quantitative description of these
contributions to the overall LSC performance.

To eliminate the C-H absorption losses identified above, Yb3:CsPbCls NCs were
suspended in tetrachloroethylene (TCE), which lacks protons and is therefore transparent in the
NIR window of interest. Figure 2.3a plots the Yb** PL intensity measured as a function of
excitation distance for 1D LSC measurements with this solvent. For comparison, the corrected
absorption spectrum of TCE is also included in Figure 2.3a. Because TCE has no C-H
vibrational overtone bands in the NIR, the Yb® PL intensity decay is now independent of
wavelength. For comparison, Figure 2.3b plots the integrated PL intensities vs excitation distance
for the same NC concentration in both TCE and hexane (see Figure A.2 for absorption spectra).
The PL intensity from the TCE solution is substantially greater at large excitation distances than
that from the hexane solution under similar conditions. In fact, the integrated PL intensity from

the TCE solution essentially follows the waveguide losses of the 1D LSC alone, indicating that
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this decay now comes primarily from scattering within the glass waveguide. These NCs show
reabsorption losses as low as any of the NCs measured previously over similar 120 cm

waveguide lengths.31-32
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Figure 2.3. Spectral and integrated 1D LSC data from Yb®":CsPbCl; NCs in
tetrachloroethylene (TCE) and hexane. (a) PL intensity of Yb*:CsPbCls NCs suspended in
tetrachloroethylene from the 1D LSC experiment plotted from low excitation distances to high
excitation distance with the corrected absorption spectrum of TCE. (b) Integrated normalized PL
intensity of Yb3*:CsPbCls NCs plotted as a function of excitation distance for solutions in hexane
with an OD; ~ 0.075 mm* (blue-green) and in TCE with an OD; ~ 0.075 mm™ (black-brown).
The green line is the experimentally determined performance limit of the 1D LSC. The analytical
atomic Yb®* concentration for these NCs was 4.6% and the PLQY was 138% in hexane and 71%
after transfer to TCE.

Figure 2.4a shows the absorption spectra of hexane and two potential waveguide
materials (PMMA and Schott optical-quality glass) overlaid with the Yb3" PL spectrum from

these Yb3:CsPbClz NCs. The PMMA spectrum is similar in magnitude and shape to those
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reported previously,”>"* and in particular, it shows C-H vibrational overtone absorption bands
similar to those observed in hexane, shifted slightly to shorter wavelength and still overlapping

the Yb3* PL substantially. In contrast, the Schott glass shows little to no absorption in this

region.
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Figure 2.4. Spectral and integrated 1D LSC projection for the lateral attenuation of Yb3*
emission in various waveguiding media. (a) Absorption spectrum of hexane (red), a
representative PMMA sample (orange), and Schott optical-quality glass (black) overlaid with the
normalized PL spectrum of Yb**:CsPbCls NCs (blue). The PMMA spectrum was obtained by
subtracting experimental spectra measured for two samples with different thickness to eliminate
surface reflection and scattering effects. (b) Normalized PL intensity of Yb3*:CsPbCls NCs in
hexane as a function of excitation distance in a 120 cm-long 1D LSC (blue dots).

With these spectra, it is possible to simulate the anticipated performance of various
acrylic and glass 1D LSCs, as well as of composite (or layered) waveguides involving different

volume fractions of polymer and glass as per common 2D LSC configurations. An attenuation
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coefficient of 4.14 x 10° cm™ was used to model transmission through glass in these
simulations.” Figure 2.4b plots the results of these calculations. From these simulations, the NC
performance in a PMMA waveguide will likely be as poor as the experimental 1D LSC results in
hexane reported in Figure 2.3b (and reproduced in Figure 2.4b for comparison). These results
relate to the recent report of a small-scale LSC made from suspension of Yb®*:CsPbCls NCs in
PMMA. The data from this device were fitted to conclude a wavelength-independent attenuation
coefficient of 0.023 cm™,’? which the authors attributed to scattering and suggested could be
eliminated through device optimization. The results in Figure 2.4a show, however, that the
PMMA absorbance itself is ~0.02 cm™ where it overlaps the Yb®" PL, and this absorption is not
wavelength independent. This analysis thus indicates that popular acrylics will likely not be
suitable waveguide matrices for LSCs based on Yb®" emission, including from quantum-cutting
Yb®":CsPb(Cli-«Brx)s NCs. In contrast, the performance of Yb®":CsPb(Cli«Bry)s NC LSCs using
glass waveguides will likely be near the theoretical limit. Figure 2.4b further illustrates that a
device configuration involving a thin PMMA film containing densely packed NCs on top of a
glass waveguide falls between these two extremes, with LSC performance determined by the
relative PMMA and glass waveguide volumes. Clearly, this layered PMMA/glass LSC
configuration is only attractive with Yb®:CsPb(ClixBry)s NCs if the PMMA film is very thin

relative to the glass waveguide (e.g., <~5% PMMA by volume).

24.2 2D LSCs

Monolayer 2D LSCs. As detailed previously,®:3? 1D LSC data and simulations of the
type presented above provide all the necessary input to assess the 2D LSC performance of a
given luminophore. The primary metric of interest is the LSC flux gain (FG), defined as the ratio

of photons converted by a given LSC-coupled PV to photons that would be absorbed by the same
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PV exposed directly to the same solar flux. The 2D LSC flux gain (FG2p) is calculated using eq

2.2,

FG,p = OQE(L)M":ﬂ G(L) (2.2)

Nam Asol

where n,,. is the NC PLQY, 77pl/nAM is the efficiency of a silicon PV exposed to the NC PL
spectrum relative to the efficiency of the same PV exposed to AM 1.5 solar radiation. G (L) is the
LSC geometric gain, equal to L/4t, where L is the edge length and t is the waveguide thickness
in a square 2D device. The optical quantum efficiency OQE (L) is the ratio of photons that reach
the LSC edge to solar photons absorbed by the LSC, A, is the solar flux absorbed by a
particular NC LSC, and Ay, is the solar flux absorbed by the solar cells coupled to the edges of

the device when directly exposed to the solar irradiation. 4, and Ag,; are calculated using eqs

2.3 and 2.4,

Ape = j D ap1s(D) (1 — 107 4arsM) g (2.3)

Aot = | ®awn sDEQEDAA (2.4)
where @,/ s is the AM1.5 solar photon flux, 4,;(4) is the NC absorption spectrum, EQE (A) is
the external quantum efficiency of the solar cell of interest. The 1D LSC results presented in
Figure 2.3b suggest that there are no reabsorption losses for the Yb**:CsPbCls layer. Therefore,

OQE (L) can be calculated using eq 2.5.

[0)) 2T TT—@Pesc
O0QE(L) = g ﬂ J f I, (I(x,v,0,9))singdpddxdy (2.5)
0
LXL

Pesc

Here, I(x, y, 6, @) is the distance a photon must travel from any point x,y € [0, L], any

azimuthal angle 6 € [0,2mx], and any polar angle @ € [@esc, Pesc — ], P is the NC PLQY,
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Ip; (L) is the normalized, integrated PL intensity as a function of excitation distance from a

collection edge (obtained from the 1D LSC experimental data), and ¢, is the polar angle that

defines the photon escape cone, which equals arcsin(l/n), where n is the waveguide's refractive
index.

The flux gain of an Yb3*:CsPbCl; NC 2D LSC was calculated using eqgs 2.2 — 2.5 using
the experimental data from Figure 2.3b as input (or extrapolated from these data for waveguiding
lengths exceeding 120 cm). In this simulation, a value of ® = 170% was used, based on
experiment,> and n was assumed to be 1.5, which is the approximate refractive index of glass or

PMMA.® Si HIT PV cells provide the best spectral matching with these Yb3*:CsPbCls NCs, and
these PV have ﬂpz/nAM ~ 1 because of their high NIR EQE. 0QE (L) for the Yb*:CsPbCls NCs

was calculated using eq 2.5. As validation, average distances to the edge of a square calculated
using L(x,y,0, ), along with 2D flux-gain predictions for Zng.s7Cdo.11Mno.02Se/ZnS NCs that
match our previous report,3 are provided as Figure A.4. Figure 2.5¢ (vide infra) summarizes the
results of these simulations up to a geometric gain of 175. The initial slope of the flux gain trace
for a Yb*:CsPbCls NC 2D LSC is 0.06, and the maximum projected flux gain is 8 at G = 175.
This value is substantially larger than the projected gain of 5 for a Zno.s7Cdo.11Mno.02Se/ZnS NC
LSC simulated by the same methods,®*3! despite the fact that Yb3:CsPbCls NCs absorb 30%
fewer AML.5 solar photons than Znog7Cdo.11Mno02Se/ZnS NCs do. These results demonstrate
that even with their wide energy gap, Yb3*:CsPbCls NCs can excel as luminophores for 2D LSCs
because of their exceptionally high PLQY's resulting from quantum cutting.

Bilayer 2D LSCs. (i) Yb*":CsPbCls/CulnS; bilayers. Although Yb®*":CsPbXs NC LSCs
themselves have inherent advantages over other LSCs arising from their unusual quantum-

cutting capabilities, we propose that the greatest advantage can be taken of these materials if they
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are paired with another set of narrower-gap NCs in the same waveguide to form a new type of
monolithic bilayer LSC. Figure 2.5a illustrates the proposed device structure. In this
configuration, high-energy light is absorbed by the quantum-cutting Yb**:CsPbCl3 NCs. Lower-
energy light is transmitted by the top layer and absorbed in the bottom layer, which may use any
of several available broadband LSC luminophores. CulnS; and related NCs have emerged as
particularly attractive materials for LSCs because of their high PLQYSs, broadband absorption
across the visible, and large effective PL Stokes shifts;3> 35 3840 for jllustrative purposes, we
consider these for the bottom layer of the proposed device. Figure 2.5b plots relevant absorption
and PL spectra for this device architecture. CulnS2/ZnS NC absorption and PL spectra are
reproduced from a recent report of high-performance NC LSCs.*® Importantly, although the
Yb3*:CsPbCls and CulnS2/ZnS NCs are layered such that bluer photons are absorbed by the top-
layer Yb3*:CsPbCls NCs, and transmitted redder photons are absorbed by the bottom-layer
CulnS2/ZnS NCs, both layers emit in the NIR at wavelengths that can be transmitted through
both absorber layers of this waveguide. Like two-terminal tandem LSCs investigated
previously,'® 27 40. 62-66 this pilayer device structure improves LSC efficiency by eliminating
thermalization losses associated with the blue photons. Unlike two-terminal tandem LSCs,
however, this structure has the distinct advantage that it avoids the use of two separate LSCs that
use separate PV cells wired in series. For maximum efficiency, the tandem configuration would
require current matching between the two LSC layers. In the monolithic bilayer configuration, it
is the currents that are added at the fixed voltage of the single edge-mounted PV, vastly

simplifying the device.
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Figure 2.5. Diagram describing proposed quantum cutting-enhanced monolithic bilayer LSC.
Spectra and performance projection for the various components of this device. (a) Schematic of
the proposed monolithic bilayer LSC. The top layer contains quantum-cutting NCs (e.g.,
Yb®:CsPb(Cli-«Brx)s NCs) and the bottom layer contains broadly absorbing NCs (e.g., CulnS;
NCs). (b) Absorption and normalized PL spectra of Yb3*:CsPbClz NCs (purple) and CulnS2/ZnS
NCs (red) overlaid with the AM 1.5 solar spectrum (shaded area) and the external quantum
efficiency (EQE) of a NIR enhanced Si HIT PV (green). (c) Projected 2D flux gain of a
Yb3*:CsPbCls NC LSC (purple), a CulnS2/ZnS NC LSC (red), and the monolithic, bilayer device

shown in Figure 5a (black).
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To explore the potential benefits that might be expected from such a quantum-cutting
bilayer LSC, the experimental data described above were used to model the performance of 2D
Yb3*:CsPbCls NC/CulnS,; NC bilayer LSCs in the configuration illustrated in Figure 2.5a. The
flux gains of Yb3*:CsPbCls/CulnS, NC-based bilayer 2D LSCs were calculated using eqs 2.2 —

2.5. In these simulations, a value of ® = 91% was used for the for CulnS, NCs, based on the

highest reported literature value (obtained with CulnS2/ZnS core/shell NCs).* 77”l/n . Was

again assumed to be ~1 due to the high NIR EQE of the Si HIT cells. For CulnS2 NCs, an
additional OD of 0.002 cm™ was added to the attenuation spectrum to simulate the impact of
waveguide losses on the projected flux gain (reabsorption probability simulations provided in
Figure A.5). Because reabsorption losses will affect the performance of the CulnS; layer, the
OQE(L) of the CulnS2 layer is computed using an advanced analytical model developed
previously.®® A detailed description of this model is provided in Section A.1.

To simulate the performance of the bilayer LSC of Figure 2.5a, the thickness of each
waveguide layer was assumed to be 0.5 mm and the optical density of each layer was doubled
compared to its single-layer analog. From here, the solar flux absorbed by the CulnS; NCs in the
bilayer device is the difference between A¢;s and Acsppcr,- Once this modification is made, the
flux gain of the bilayer device is simply the sum of the Yb3*:CsPbCl; NC LSC flux gain and the
CulnS; NC LSC flux gain. Figure 2.5¢c summarizes the results of these simulations. The bilayer
device reaches a flux gain of 55 for G = 175, which is a 7% improvement over the CulnS; NC
LSC of similar dimensions. The initial slope of the bilayer device is 0.35, compared with 0.06 for
the Yb3":CsPbCls NC LSC or 0.32 for the CulnS; NC LSC alone.

(ii) Yb**:CsPb(Cli-xBry)s/CulnS;, bilayers. Improved solar absorption can be achieved by

narrowing the top layer's energy gap through anion alloying. Figure 2.6a shows the absorption
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and PL spectra of Yb3:CsPb(ClixBryx)s NCs synthesized from Yb®*":CsPbCls NCs via anion

exchange.®” " Increasing x to ~0.75 decreases the NC energy gap to ~488 nm (~2.5 eV) and
increases the fraction of the solar spectrum absorbed from ~2.6% (x = 0) to ~8.3% without
impacting the PLQY of the Yb®" emission.®” Figure 2.6b plots the results of this model for three
values of the perovskite absorption threshold, from 412 nm (x = 0) to 488 nm (x ~ 0.75),
calculated by modifying Acspp(ci,_,Br), IN €9 2.3. Narrowing the perovskite energy gap
increases the initial flux-gain slope of the stand-alone Yb**:CsPb(Cl1xBrx)s NC LSC from 0.06
to 0.20 and increases the flux-gain to 27 at G = 175. The initial flux-gain slope of the bilayer
device increases from 0.35 to 0.43 and the flux gain increases to 63 at G = 175. This means that
for the modeled 70 x 70 cm? monolithic bilayer LSC, the 28 cm? of Si solar cells optically
coupled to its edges are predicted to generate 63 times more current than when operating in non-
concentrating conditions. These results represent a 19% performance increase compared with
state-of-the-art CulnS; NC LSCs. The percentage improvement will be even greater if the PLQY
of the CulnS, NC layer is not the record 91% but closer to the ~70% typically found for CulnS;

NC/polymer composites.4°



63

1.6 1 1.6
1.4 Yb*:CsPb(Cly,Br,); a 1.4 &
(=]
=
1.2 CulnS,/ZnS 1'232
10 SiPVEQE |; o2
o s
508 AM 1.5 [0-85
0 .C
<0.6 0.6
o
0.4 0490
(V2]
0.2 02E
s
0.0 600 800 1000 1200 °O
Wavlength (nm)
[
601 ,Jof}/
Y o
50 P
f= < gy
o %A
O 40 %\\'a“‘\ ’/’,f
530 s
= g
= L m\s X~0.1‘3
0, F6=0.436 27 o
~ i
W Bl
10 . CsPpl
Yo CsP X=0
% 50 100 150

Geometric Gain

Figure 2.6. Spectra and flux gain projections for monolithic bilayer LSCs based on anion-
alloyed quantum-cutting perovskite NCs. (a) Absorption and normalized PL spectra of
Yb3":CsPb(Cli-«Brx)s NCs with x ~ 0.75 (blue) and CulnS/ZnS NCs (red) overlaid with the AM
1.5 solar spectrum (shaded area) and the external quantum efficiency (EQE) of a NIR enhanced
Si HIT PV (green). (b) Projected 2D flux gain of a Yb**:CsPb(Cl1xBry)s NC LSC (purple to blue
gradient), a CulnS2/ZnS NC LSC (red), and the monolithic, bilayer device shown in fig. 5a
(black to green). The absorption onset of the Yb3*:CsPb(ClixBry)s NCs is varied linearly from
412 nm to 488 nm for the three plotted traces.

We note that the CulnS; NCs used in ref. *® and modeled above were likely optimized for
a polycrystalline Si PV, whereas narrower-gap Culn(S1.ySey)> NCs may be more appropriate for
the Si HIT PV simulated here. To assess the effect of increasing solar absorbance through this
change, we modeled the performance of the same bilayer LSC but using the absorption and
emission spectra of QD-950 from the Strem catalog”’ (absorption and PL spectra provided in

Figure A.6a). Although the solar absorbance of the QD-950 NCs does increase from 26% to
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38%, the flux gain of the Yb3*":CsPb(ClixBrx)s NC monolithic bilayer device decreases, e.g.,

from 63 to 54 at G = 175 (see Figure A.6b), despite again assuming a PLQY of 91%. We
attribute this lack of improvement to increased reabsorption losses in the QD-950 NCs because
of their more pronounced absorption tail. Nonetheless, the flux gain of the monolithic bilayer
LSC involving a QD-950 NC bottom layer is improved by 35% over the optimized QD-950 NC
2D LSC alone, again validating the bilayer LSC configuration as a simple and attractive

opportunity for next-generation NC LSCs.

2.5 DISCUSSION

The experimental results described above demonstrate superb performance of Yb3'-
doped halo-perovskite NCs as zero-reabsorption luminophores for large-scale LSCs. Their
experimental losses in a 1D LSC are almost completely negligible over extremely large
waveguide lengths of up to 120 cm. Moreover, these Yb**:CsPbCls NCs display the unusual and
extremely attractive characteristic of quantum cutting, by which PLQYSs vastly exceeding 100%
have been measured. As demonstrated experimentally in Figure 2.2 — Figure 2.4, however, the
PL of these quantum-cutting NCs is absorbed by overtones of high-frequency proton-stretching
vibrations present in common LSC polymer matrices,1%-22 25-30, 35-36, 38-40, 66, 69-70, 72 Thyjs works
shows that to succeed, an LSC based on Yb**-doped NCs must use a waveguide matrix that
contains very few protons in the form of C-H, O-H, or related bonds. Several proven possibilities
already exist, although formation of NC LSCs out of such matrices has not yet been
demonstrated, and costs may escalate too much for some of these options to be commercially
attractive. Nonetheless, it is interesting to note that the amorphous fluorinated polymer Cytop’ is
already used in near-IR fiber optics and has a NIR attenuation coefficient that is close to those

used in the glass simulations here. Additionally, organic-dye LSCs have been fabricated with
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partially fluorinated polymers’®"® that show reduced C-H overtone absorption. Some work has
been done to incorporate PbSe and InAs NCs into a fluorinated, aromatic copolymer.2’ These
results suggest that NC LSCs using fluorinated waveguides are indeed viable and should be
developed further. Alternatively, all-inorganic waveguides such as the oxide matrices used for
Nd3* LSCs" 8 are also attractive; NC LSCs of this type have not yet been demonstrated, but a
notable proof-of-concept is found in the examples of colored Schott glasses, which are composed
of chalcogenide semiconductor NCs embedded within optical-quality borosilicate glass. High-
efficiency Yb**-doped fiber lasers and amplifiers involving various oxide and fluoride glass

compositions with low cavity losses have also been demonstrated.8283

2.6 CONCLUSION

Through a combination of experimental and computational studies, we have shown that
Yb3":CsPb(Cli-«Brx)s NCs have high potential to serve as a unique LSC luminophore due to their
large effective Stokes shift and extraordinarily high PLQY (approaching 200%), arising from
their efficient quantum-cutting PL mechanism. These NCs have the lowest self-absorption of any
NCs investigated to date, comparable to Mn?*-doped 1l-VI NCs, but with overall LSC
performance exceeding that of the Mn?*-doped NCs because of their very high PLQYs. The
experimental measurements presented here highlight the need for proton-free waveguide
matrices in LSCs involving these luminophores, which motivates development of NC LSCs with
waveguides based on inorganic glasses or fluorinated polymers. Finally, we propose and model a
new monolithic bilayer LSC device architecture containing quantum-cutting Yb®*":CsPb(Cl;-
xBry)z NCs in its top layer and, e.g., CulnS2/ZnS NCs in its bottom layer. This bilayer design is
reminiscent of tandem PVs and LSCs, except that it uses quantum cutting to increase

photocurrent rather than using multiple PV energy gaps to increase photovoltage. As such, this
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bilayer device has the distinct advantage that PL from both the top (blue-absorbing) and bottom

(red-absorbing) luminescent layers can be transported through the same waveguide to the same
Si PV, obviating the need for multiple PV cells, interlayer wiring, and current matching as found
in traditional tandem devices. Such advantages simplify device construction and operation.
Modeling suggests that a bilayer LSC using Yb**:CsPb(Clo2sBro75)s NCs for the top layer could
improve upon the performance of an idealized state-of-the-art CulnS,/ZnS NC LSC bottom layer
by at least 19%. It is possible that better inorganic or organic luminophores will be identified in
the future to serve as partners with Yb3*:CsPb(Clo.2sBro7s)s NCs in such bilayer configurations.
Overall, these results and the new proposed device structure suggest promising avenues for the

development of next-generation NC LSCs.
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CHAPTER 3. MODULAR ZWITTERION-FUNCTIONALIZED
POLY (ISOPROPYL METHACRYLATE)
POLYMERS FOR HOSTING LUMINESCENT
LEAD-HALIDE PEROVSKITE
NANOCRYSTALS

Reproduced with permission from Cohen, T. A.; Huang, Y.; Bricker, N. A.; Juhl, C. S.; Milstein,
T. J.; MacKenzie, J. D.; Luscombe, C. K.; Gamelin, D. R. Chem. Mater. 2021, 33, 3779.
Copywrite 2021 American Chemical Society.

3.1 OVERVIEW

Inorganic lead-halide perovskite nanocrystals (NCs) are an exciting class of luminescent
materials with high defect tolerance and broad spectral tunability, but such NCs are vulnerable to
degradation under ambient conditions. Here, we report a class of modular zwitterion-
functionalized isopropyl methacrylate polymers designed to stabilize a wide variety of perovskite
NCs of different compositions, while also enabling processing in green solvents. Specifically, we
report polymers in which the zwitterion spacing is tuned to accommodate the different lattice
parameters of CsPb(ClixBry)z and CsPbls NCs, and we report partially fluorinated polymers
prepared to accommodate the needs of infrared-emitting NCs. We show that as-synthesized
CsPbBrs, CsPbls, and Yb®":CsPbCls NCs are easily transferred into these zwitterionic polymers
via a simple ligand-exchange procedure. These NC/polymer composites were then cast into thin
films that showed substantially improved photoluminescence (PL) and stability compared with
more conventional NC/polymer films. Specifically, CsPbBrs; and CsPblz NCs in films of their

appropriately designed polymers had PL quantum vyields of ~90% and ~80%, respectively. PL
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quantum vyields decreased under continuous illumination, but self-healed completely after dark
storage. We also found that all the NC compositions studied here maintain their PL quantum
yields in NC/polymer composite films even after 1 year of ambient storage. These encouraging
results demonstrate the utility of such modular zwitterion-functionalized polymers for hosting
specific perovskite NCs, potentially opening avenues for robust new photonic applications of this

important class of NCs.

3.2 INTRODUCTION

Lead-halide perovskite nanocrystals (NCs) have been heavily investigated for their
intriguing properties,’® including broad spectral tunability with anion®® and cation®*®
replacement, unique electronic structure,’*® and high defect tolerance.l’?° These properties
have made such NCs a popular emitter for application in light-emitting diodes (LEDs),'??
lasers, % single-photon sources,??° and luminescent solar concentrators.3%32 Unfortunately,
these NCs are sensitive to degradation in the presence of oxygen and water.®**® To bridge the
gap between laboratory research and commercial application, NC stability needs to be improved
without sacrificing optoelectronic properties or processability. Furthermore, the broad range of
potential applications means that different functional polymer matrices may be required for
different uses. For instance, whereas as-synthesized NCs can be supported in various apolar
polymers,3® 3640 some applications require that NCs are suspended in silicone,?" “*3 aqueous,*
fluorinated,®? #>#" or semiconducting®®*° matrices to enable the desired functionalities. Because
these host matrices have limited chemical compatibility with the aliphatic ligands often used to
stabilize perovskite NCs, additional interface modifiers must be introduced to improve

compatibility between the native NC surface ligands and the polymer. Alternatively, these
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ligands must be replaced with novel ligands tailored to be compatible with the host polymer of
interest.

The interface modifier approach has been demonstrated by direct synthesis of perovskite
NCs in a hydrophobically stabilized micelle of lauryl methacrylate*® and by using custom
polymers that form micelles to stabilize the NCs in different hosts,** °1->* with varying levels of
success. Novel-ligand approaches have mostly focused on ammonium,?%: 48-49.55-57 carhoxylate,*
and poly(vinylidene difluoride)?> %° NC coordination. These binding groups have limited affinity
for perovskite NC surfaces,®® however, and some are consumed during subsequent
polymerization reactions in making the NC/polymer composites.®? Consequently, most of these
polymer-suspension protocols yield samples with poor dispersion and reduced NC
photoluminescence quantum yields (PLQYS). Alternatively, strongly binding phosphonate,®?%
sulfonate,'® and zwitterionic®”-% ligands have recently been used to synthesize perovskite NCs
with improved PLQYs and stability. The covalently tethered positive and negative ions on
zwitterionic ligands are well matched to the highly ionic surface of the NCs. These ligands are
mostly aliphatic, however, which limits their ability to solvate NCs in many non-aliphatic
functional polymers, complicating device fabrication and ultimately limiting the application
range of perovskite NCs. Zwitterionic polymers have been used to passivate perovskite thin
films,%-"° and while this manuscript was in preparation, zwitterionic polymers were reported to
stabilize CsPbBrs NCs in solution and in the solid state.”*"? Ref. 71 reported random copolymers
of n-butyl methacrylate and phosphorylcholine or sulfobetaine zwitterion groups to yield
zwitterion-functionalized polymers that can bind and enhance the stability of CsPbBrz NCs,

focusing primarily on development of solid NC/polymer composites. Ref. 72 reported that

incorporation of sulfobetaine zwitterion groups into poly(isobutylene-alt-maleic anhydride),
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along with solubilizing alkyl chains, yielded high-affinity coatings that stabilize colloidal
CsPbBrz NCs in both non-polar and polar solvents and that allow facile phase transfer between
nonpolar and polar media. These works solidify the idea that zwitterionic polymers have high
potential as perovskite NC host matrices.

Here, we describe a set of modular zwitterion-functionalized poly(isopropyl
methacrylate) polymers developed to match the specific needs of various colloidal lead-halide
perovskite NCs. In general, polymers with appended alkyl chains have high solubility in organic
solvents,”® " but branched alky! structures can also improve polymer solubility in green solvents
that are sufficiently apolar to prevent NC degradation’® and inhibit the formation of crystalline
scattering structures in a solid composite.””"® Consequently, isopropyl methacrylate was used
instead of commonly used long-chain alkyl acrylates; the increased solubility from the isopropyl
side chain facilitates solution processing with green solvents such as butyl acetate that are still
sufficiently apolar to prevent NC degradation. Within these polymers, the distances between
positive quaternary ammonium moieties and negative sulfonate moieties are tuned using either 3-
or 4-methylene spacers. This tunability allows the zwitterion separation to be matched with the
relevant NC lattice spacings when the NC anions are changed from CI/Br- to 1.8 We show that
the native NC ligands are easily replaced by these zwitterionic polymers, and the resulting
polymers are shown to stabilize lead-halide perovskite NCs across the entire composition and
luminescence-color range. For Yb®*-doped NCs with near-infrared emission, we further utilize a
fluorinated version of poly(isopropyl methacrylate) that reduces absorption from C—H vibrational
overtones at Yb®* emission at infrared wavelengths.>> ™ The modularity of these polymers

provides access to a variety of perovskite NC/polymer composites with attractive solution
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processability, optical properties, and long-term stability, making these polymers appealing hosts

for use of colloidal lead-halide perovskite NCs in various photonic applications.

3.3 METHODS

3.31 Materials

Lead acetate trihydrate [Pb(OAC)2-3H20] (99.9%, Baker Chemical), cesium carbonate
[Cs2CO3] (99.9%, Sigma Aldrich), cesium acetate [CSOAc] (99.9%, Alfa Aesar), ytterbium
acetate hydrate [Yb(OAC)3-xH20] (99.9% Strem Chemical), anhydrous ethanol (200 proof,
Decon  Laboratories),  chlorotrimethylsilane  [TMS-CI]  (98%, Acros  Organic),
bromotrimethylsilane [TMS-Br] (97%, Sigma Aldirch), iodotrimethylsilane [TMS-I] (97%,
Sigma Aldirch), 1-octadecene [ODE] (90%, Sigma Aldrich), oleylamine [OAmM] (70%, Sigma
Aldrich), oleic acid [OA] (90%, Sigma Aldrich), 3-(N,N-Dimethyloctadecylammonio)-
propanesulfonate [ZW-lig] (>99.0% TLC, Sigma Aldrich), hexanes (99%, mixture of isomers,
Sigma Aldrich), toluene (HPLC, Fischer Chemical), anhydrous ethyl acetate (99%, Sigma
Aldrich), anhydrous butyl acetate (99%, Sigma Aldrich), anhydrous tetrahydrofuran [THF]
(Optima®, Fischer Chemical), methanol (ACS, EMD Millipore), acetone (ACS, Fischer
Chemical), 2-propanol (ACS, Fischer Chemical), methanol-ds (>99.8 atom % D, Sigma Aldrich),
acetone-ds (99.9 atom % D, Sigma Aldrich), poly(methyl methacrylate) [PMMA] (~120,000
MW Sigma Aldrich), tert-Nonyl mercaptan (>97.0%, mixture of isomers, TCI), 2,2'-azobis(2-
methylpropionitrile) (98%, Sigma Aldrich) 2-(dimethylamino)ethyl acrylate (>98.0%, stabilized
with MEHQ, TCI), isopropyl methacrylate (>98.0%, stabilized with MEHQ, TCI), 1,1,1,3,3,3-
hexafluoroisopropyl methacrylate (99%, stab., Alfa Aesar), 1,4-butanesultone (99%, TCI), 1,3-
propanesultone (99%, TCI), Poly(ethylene-co-vinyl acetate) [EVA] (MSL Solar Company), and

Spectra/Por® 6 dialysis tubing (MWCO 1000) were used as received unless otherwise noted.
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3.3.2 Polymer Syntheses and Purification

Amine precursor polymer syntheses. The polymer synthesis process is outlined in
Scheme 1. 2-(Dimethylamino)ethyl acrylate (143 mg, 1 mmol) and either isopropyl methacrylate
(1152 mg, 9 mmol) or 1,1,1,3,3,3-hexafluoroisopropyl methacrylate (2124 mg, 9 mmol) was
added to a vial that was pre-dried overnight in a 120 °C oven. 2,2'-azobis(2-methylpropionitrile)
(8 mg, 0.5 mmol) and tert-nonyl mercaptan (8 uL, 0.5 mmol) — a chain transfer agent to reduce
molecular weight®* — were added subsequently. The vial was then degassed and sealed. The
reaction was heated at 60 °C for one day, and at 80 °C for another two days. After cooling down
to room temperature, 2 mL of THF was added to dissolve the polymer, followed by precipitation
with 50 mL of deionized water. The precipitate was later washed with methanol and dried under
vacuum overnight.

Zwitterion-functionalized polymer syntheses. Amine precursor polymer (400 mg,
0.18-0.30 mmol of amine group depending on the polymer) was dissolved in 8 mL THF and
heated to 60 °C. After 30 min, an excess of sultone (1,4-butanesultone (400 mg, 2.94 mmol) or
1,3-propanesultone (400 mg, 3.28 mmol)) was added dropwise. 3 mL of methanol was added
after 1 hour and another 3 mL of methanol was added after 24 hrs. The reaction was further
heated at 60 °C for another day before cooling down to room temperature. The solution was
transferred into a dialysis tube (molecular weight cut-off = 1000) and stirred in 1000 mL of
methanol for 2 hrs and 1000 mL ethyl acetate for an additional 2 hrs. After dialysis, the solution
inside the dialysis tube was transferred to a round-bottom flask and concentrated under vacuum.
Clear transparent solids were obtained and dried under vacuum to remove residual solvents. The

zwitterionic polymers are soluble in most common organic solvents, including green organic
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solvents such as ethyl and butyl acetate®® that are common antisolvents for perovskite NC

purification.> > *H-NMR spectra of the polymers synthesized here are provided in Appendix B.

3.3.3 Nanocrystal Synthesis and Purification

Preparation of Pb**-oleate solution. Pb(OAC)2-3H20 (1152 mg, 3 mmol), OA (1720 mg,
~6 mmol), and ODE (3280 mg, 4.15 mL) were combined in a 100 mL three neck flask. The
temperature of the flask was slowly elevated and was held at 120 °C for 1 hr on a Schlenk line
under vacuum. The solution was then heated under N2 at 150 °C for 1 hr to ensure that all
reactants were well dissolved. The resulting ~0.5 M Pb?" oleate solution (Pb(OA)2) was
transferred into a No-filled glovebox and became a waxy solid when cooled to room temperature.

Preparation of Cs*-oleate solution. Cs,CO3z (1628 mg, 10 mmol of Cs* ions), OA (4500
mg, ~15 mmol), and ODE (15 g, 20 mL) were combined in a 100 mL three neck flask. The
solution was initially degassed on a Schlenk line at room temperature to remove highly volatile
compounds. The temperature was then slowly elevated and held at 120 °C for 1 hr under
vacuum. The solution was then heated under N2 to 150 °C for 1 hr to ensure that all reactants
were well dissolved. The resulting ~0.5 M Cs* oleate solution (CsOA) was transferred into a No-
filled glovebox and became a highly viscous, turbid liquid when cooled to room temperature.

CsPb(Brixlx)s NC synthesis. Perovskite NCs were prepared using a procedure adapted
from the literature.%® 81 CsOA and Pb(OA). precursor solutions were heated to 130 °C in a N2
filled glovebox to fully dissolve all of their components. Once dissolved, CsOA (0.8 mL, ~0.4
mmol Cs*) and Pb(OA). (1 mL, ~0.5 mmol Pb?*) were loaded into a 100 mL three neck flask.
The flask was removed from the glovebox and ODE (6650 mg, 8.5 mL) and OAm (420 mg, ~1.5
mmol) were loaded into the flask. The resulting metal oleate solution was degassed on a Schlenk

line at 120 °C until the base pressure of the line was reached (typically 1-2 hrs). A solution
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containing TMS-Br (180 pL, 1.4 mmol) (or TMS-I (200 puL, 1.4 mmol)) and 400 puL of ODE

was prepared and sealed with a septum in a pear-shaped flask in a No-filled glovebox. The metal
oleate solution on the Schlenk line was heated under N> to 180 °C. Once the injection
temperature was reached, the TMS-Br (or TMS-I) solution was swiftly injected into the flask.
The reaction was quenched after ~5 s with an ice bath and the resulting CsPb(Bri-xIx)3 NCs were
centrifuged from the crude reaction solution at 1318 gx for 10 min. The precipitate was
resuspended in hexanes and the resulting solution was precipitated with an excess of anhydrous
ethyl acetate. This turbid solution was centrifuged at 1318 gx for 15 min and the precipitate was
resuspended in hexanes. The hexanes solution was again centrifuged at 1318 gx for 5 min and
the supernatant was dried under N2 gas flow and transferred into a N»-filled glovebox. Once in
the glovebox, the CsPb(Brixlx)s NC pellet was resuspended in hexanes and the solution was
filtered through a 0.22 pum polytetrafluoroethylene (PTFE) syringe filter. Anion-alloyed
CsPb(Brixlx)3 NCs were synthesized by mixing solutions of CsPbBrs NCs and CsPblz NCs in
appropriate amounts to obtain a solution with a PL max of ~660 nm. Solution-state absorption
spectra of the undoped NCs synthesized here are provided in Appendix B.

Yb3**:CsPbCl; NC synthesis. NCs exchanged into ZFP3 were prepared using methods
reported previously.® Zwitterion-capped Yb®":CsPbCl; NCs were synthesized according to the
same procedure, but OAm was replaced with 100 mg ZW-lig and the washed NCs were

suspended in toluene rather than hexanes.

3.34 General Aspects of NC/Polymer Composite Film Preparation

Glass substrates were cut and sonicated for 15 min sequentially in deionized water with
2% detergent, deionized water, acetone, and 2-propanol; after which each substrate was dried

with compressed air. To transfer perovskite NCs into a zwitterionic polymer matrix, the desired
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quantities of polymer were added to 0.75 mL of ethyl acetate in a N»-filled glovebox and stirred
overnight. Then, a small volume of NC solution in hexanes was added to the solution of
zwitterionic polymer in ethyl acetate. NC concentrations were determined using literature
perovskite NC extinction coefficients,?® and the volume of NC solution added was determined
such that the equivalents (Eq) of zwitterionic groups per NC was kept between 10 and 300 kEg.
This solution was then removed from the glovebox and sonicated for 5 min. The resulting
NC/zwitterionic polymer composites were precipitated out of solution by adding an excess of
hexanes and centrifuging the resulting turbid solution at 1318 gx for 10 min. Very few NCs
remained in the resulting supernatant (see Figure B.7), indicating that the native aliphatic ligands
were successfully exchanged for the zwitterionic polymer ligands. This final pellet was then
dispersed in 0.5 mL of butyl acetate. To investigate the effect of aggregates on the observed PL
red shifts, we diluted a representative solution of CsPbBrs NC/ZP3 composite by a factor of 50
with butyl acetate and drop cast an aliquot of this solution and all subsequent solutions onto
clean glass substrates. After casting the first film, the remaining dilute NC/ZP3 solution was
centrifuged at 16,060 gx for 10 minutes and the precipitate was discarded. Finally, the remaining
centrifuged solution was filtered through a 0.22 um PTFE syringe filter. This process yielded a
total of three solid samples for future characterization.

PMMA films were fabricated from dispersions prepared in the following manner: 120 mg
of PMMA was capped and stirred in 0.45 mL of toluene overnight in an No-filled glovebox. NCs
were then added to the 25 wt% PMMA solution and stirred into the solution for several hours
until a uniform dispersion was obtained. This solution was then drop cast onto a glass substrate
in the N2-filled glovebox and allowed to dry for several hours before the resulting solid sample

was exposed to ambient conditions. EVA lamination was performed with a Bent River
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SPL2828PIN laminator as follows: After a zwitterionic polymer or PMMA sample was drop cast
and dried, a piece of EVA was placed between the dried sample and second clean glass substrate.
This stack was placed on the laminator bed and was vacuum laminated at 80 °C for 10 min using
a time-varying pressure profile with 10.4 psi of maximum applied pressure. The edges of the

final samples were trimmed with a razor blade.

3.4 RESULTS AND ANALYSIS
34.1 Preparation of Zwitterion-Functionalized Polymers

Figure 3.1 summarizes the approach used to synthesize modular zwitterion-functionalized
polymers. We used 2,2’-azobis(2-methylpropionitrile) (AIBN) to initiate the radical
copolymerization of two commercial acrylate monomers, 2-(dimethylamino)ethyl acrylate and
isopropyl methacrylate (or fluorinated isopropyl methacrylate) in a 1:9 ratio, to obtain amine-
precursor polymers. This approach allows adaptation for many other functional groups simply by
replacing isopropyl methacrylate with other acrylate or methacrylate monomers. Thiol, a chain
transfer agent, was added to the polymerization reaction to prevent formation of high-molecular-
weight polymers with reduced solubility. These amine-precursor polymers were then reacted
with the corresponding sultones to yield the desired zwitterion-functionalized polymers. This
flexible chemistry allows integration of zwitterions with different anion-cation separations (3 or
4 methylene spacers). For this work, we successfully synthesized 3-carbon-separated zwitterion-
functionalized polymers (ZP3) and their fluorinated analogs (ZFP3), as well as 4-carbon-
separated zwitterion-functionalized polymers (ZP4) and their fluorinated analogs (ZFP4). H-
nuclear magnetic resonance (NMR) spectra of all four polymers are provided in Appendix B.
These data show that the four polymers all have degrees of polymerization around 10 and

molecular weights (MW) around 2 kDa, which are anticipated values considering that 0.05
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equivalents of radical initiator and 0.05 equivalents of chain transfer agent were added to the
polymerization reaction to limit the formation of high-MW polymers. We observe that the
chemical structures of the polymers impact their solubility; the non-fluorinated polymers are
soluble in most organic solvents except hexane, whereas the fluorinated polymers are less

soluble in aprotic solvents.

0
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Figure 3.1. Summary of the synthesis of a series of zwitterion-functionalized polymers. The
ratio I:m is 1:9 for all polymers reported here.

Three of these polymers were then used for hosting three different categories of
perovskite NCs, as summarized in Table 3.1: undoped NCs with small lattice parameters (e.qg.,
CsPbBr3 NCs), large lattice parameters (e.g., CsPblz NCs), and doped NCs showing NIR
emission (e.g., Yb®**:CsPbCls NCs).

Table 3.1. Summary of the zwitterionic polymers developed in this work and the perovskite
NC/polymer composites prepared from each. The fluorinated polymer with 4-carbon zwitterion
spacing was successfully synthesized but was not soluble in ethyl acetate.

Zwitterion Amt. ZP used per 3
Abbreviation  separation Fluorinated NCs used pico-mol NC
ZP3 3 carbons No CsPbBr3 77 mg
ZP4 4 carbons No CsPbls, CsPb(Brixlx)3 7 mg
ZFP3 3 carbons Yes CsPbBrs, Yb*":CsPbCls 120 mg
3.4.2 CsPbBr3 NC/Polymer Composites

Figure 3.2a shows 'H-NMR spectra of ZP3 before and after the CsPbBrs NC ligand
exchange from native ligands to zwitterionic polymers. There is no signal at 5.5-6.0 ppm

attributing to the C=C bond of OA or OAm in the pre-ligand-exchanged sample.® This result
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indicates that the original NC ligands are fully removed in the ligand exchange. In the ligand-
exchanged sample, we do notice a singlet centered at 0.12 ppm, which is assigned to TMS-
acetate,®? indicating incomplete removal of acetate groups during NC preparation. No signals
from TMS-Br (0.36 ppm) or TMS-sulfonate (0.40 ppm, the product after TMS-Br reacts with
sulfonate groups) were detected. This result indicates that the TMS-halide precursors were all
consumed during synthesis and converted to TMS-acetate, a molecule that is likely a spectator in
subsequent procedures. NMR signals associated with the polymer backbone appear between 0.7
and 2.5 ppm. The additional peaks between 2.7 and 5.2 ppm are assigned according to the color-
coded diagram in the inset of Figure 3.2a. Most NMR peaks remain essentially unchanged upon
NC addition, but the reduced electron density of the sulfonate anion upon association with NC
surface cations leads to a shift of the adjacent methylene protons from 2.93 to 3.05 ppm
(highlighted magenta).?3%" For the quaternary ammonium ion, the NMR data show that only one
methylene group is closely associated with the NC surfaces (highlighted green), while the other
methyl/methylenes are not. The NMR signal of the H atoms on this closely interacting methylene
group have the highest frequency of all the methyl/methylene groups on the quaternary
ammonium ion. This result indicates that those H atoms have the lowest electron density and
thus are more likely to interact with halide anions of the NC surfaces. These NC polymer
composites were soluble in butyl acetate, a green solvent that is a common antisolvent for
perovskite NCs.8° Furthermore, the solution-state NC PLQY in a given zwitterionic polymer did
not increase as the NC concentration was increased (see Figure B.6), indicating that the
zwitterionic polymers are strongly bound to the NCs.'® % The NCs in a zwitterionic polymer

solution had a maximum PLQY of 84 + 5% compared with 59 + 5% for the same as-synthesized
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NCs, indicating that surface defects are effectively passivated by the zwitterions on these

polymers.



86

™~ a ZP3
3% & NC/ZP3

H3C™ "CHj

w
>_

Intensity (Arb. U)
N
B~

=

(o)}
w
FN
w
N
=
o

g
(=)

5

; 1
[ NC
LA Mescllanh s s
I 1 ]

|
20

(=]
5 '
Norm. PL Intensity

" Intensity (Arb. U)

60

e} 40
<. 0-6 29(0)

5041 NC/zP3
0.2 Composite

FWHM =23 nm (05

200 500 600 700
Wavelength (nm)

Figure 3.2. Characterization of CsPbBrs NCs as synthesized and in a ZP3 composite. (a) *H-
NMR spectra of ZP3 in acetone-ds before and after binding to CsPbBrs NCs. The peaks around 3
and 4 ppm are substantially shifted after NC binding, indicating that the protons associated with
these peaks (bolded boxes) are confined near NC surfaces. * indicates the peak associated with
TMS-acetate. (b) Absorption and PL spectra of CsPbBrs NC/polymer composites drop cast from
a solution of NCs and ZP3 in butyl acetate and a solution of NCs and PMMA in toluene. Inset:
XRD data collected before and after transfer of NCs to ZP3. The broad peaks from ~10 to ~17°
are attributed to scattering by the amorphous polymer. TEM images of CsPbBrs NCs (c) drop
cast from hexanes solution and (d) drop cast from a solution of NC/ZP3 composite in butyl
acetate.
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Once purified, the CsPbBrs NC/ZP3 solution was drop cast onto clean glass slides to
form composite thin films. Figure 3.2b shows absorption and photoluminescence (PL) spectra of
CsPbBrz NCs in a ZP3 film and, for comparison, the same NCs in a high-molecular-weight
poly(methyl methacrylate) (PMMA) composite (see Figure B.7). Apart from small reabsorption-
and aggregation-induced shifts in the PL (see Figure B.8), the UV/vis and PL spectra are nearly
unchanged after the NCs are transferred into a ZP3 composite and the full width at half-
maximum (FWHM) of the NC PL is sufficiently small for applications in LEDs with precise
green color rendering.28 The NC/ZP3 composite has no detectable sub-bandgap scattering,
indicating that it has few NC aggregates.®

The inset of Figure 3.2b shows X-ray diffraction (XRD) data collected from as-
synthesized CsPbBr3 NCs and the same NCs in a ZP3 composite. Apart from additional
amorphous scattering signals, the diffraction peaks are the same for both samples. Because each
peak in the XRD consists of multiple Bragg reflections derived from the orthorhombic CsPbBrs;
crystal structure, we could not perform a precise Scherrer analysis. That said, although the XRD
FWHM for the NC diffraction peak at 44° increases by ~0.006° (0.7%) in the ZP3 composite,
this difference is likely within experimental uncertainty. Furthermore, the transmission electron
microscope (TEM) images in Figure 3.2c,d show that the CsPbBrs NCs maintain their cube-like
shapes in a ZP3 composite. The dark spots in both images are attributed to Pb® nanoparticles
formed during TEM imaging. The average NC edge lengths before and after binding by ZP3 are
10.6 £ 2.1 nm and 10.4 £ 2.4 nm, respectively (see Figure B.9). Importantly, the solid-state
PLQYs of the CsPbBrz NCs in PMMA and ZP3 composites were measured to be 55 + 5% and
90 £ 5%, respectively. These PLQYs suggest that non-radiative recombination sites are

effectively passivated when the NCs are transferred into ZP3.
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The stabilities of the NC composites were assessed in ambient atmosphere both in the
dark and under illumination (room temperature and relative humidity ranging from 50 to 80%%).
In initial experiments, we note that CsPbBrz NC/zwitterionic polymer solutions in butyl acetate
stored in ambient conditions maintained ~95% of their initial PLQY after 5 months of dark
storage (see Figure B.6), whereas as-synthesized NCs in hexanes generally precipitate from
solution after several days of ambient dark storage. To understand how these observations might
translate to solid-state samples, we performed systematic stability measurements on various solid
composites. To probe the PL stability of these NC composites, Figure 3.3a plots PLQY's of solid
CsPbBrz NC/ZP3 and NC/PMMA composites measured as a function of ambient dark storage
time. The NCs showed similar long-term dark storage stability in ZP3 as in PMMA, but the
PLQY of the NC/ZP3 composite was ~2 times greater, indicating the efficacy of these
zwitterionic polymers as a ligating matrix. XRD data (Figure B.11) show that CsPbBrs NCs in
solid zwitterionic polymer composites maintain their crystal structure after 9 months of dark
storage and the PLQY decreased slightly from 90 + 5% to 85 + 5% after 1 year of dark storage.
Both results are indications of the resilience of these NCs in zwitterionic polymer composites.

Figure 3.3b plots PLQYSs of various NC/polymer composites measured as a function of
illumination time under ambient atmosphere, using ~90 mW cm? of full-area, 450 nm
irradiation. The NC/ZP3 sample loses about 20% of its absolute PLQY in the first 12 hrs of
illumination, but the NC PL intensity remains constant through the remaining 75 hrs of the
experiment. Furthermore, the PLQY's of the NC/ZP3 samples recover over multiple time scales.
For example, Figure B.13 shows an initial PLQY loss (5-10 sec) that fully recovers after ~10 min
of dark storage, and Figure 3.3b shows that both the rapid PLQY loss and the slower PLQY

decrease (~12 hrs) recover to ~90% of the initial PLQY after 6 days of dark storage. In contrast,
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the NC/PMMA sample loses almost all of its PLQY after 24 hrs of irradiation, and this PLQY

does not recover with dark storage. We also investigated the stability of drop-cast films of
CsPbBr3 NCs, but we found that these NCs had PLQYs of only ~20% and were far less stable
than either the ZP3-passivated NCs or the PMMA-encapsulated NCs (see Figure B.12). These
results are consistent with the observation that drop-cast perovskite NCs and NC/PMMA
composites cannot withstand the high fluences (>100 W cm) of single-particle spectroscopic
measurements in ambient conditions.®> Most reports of related NC/polymer composites do not
perform irradiation stability measurements on the timescale needed to observe the rapid PLQY
loss observed in Figure B.13, so it is unclear whether this drop is even more general among

perovskite NCs.
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Figure 3.3. Stability assessment of various CsPbBrz NC/polymer composites. (a) PLQYs as a
function of dark storage time under ambient atmosphere for drop-cast CsPbBrz NCs in PMMA
and ZP3 composites. The NCs in ZP3 preserve all their original PLQY over 2 months while NCs
in PMMA lose 20% of their PLQY over the first 15 days of dark storage. (b) PLQYSs plotted as a
function of 450 nm irradiation time for CsPbBrz NC/ZP3 and NC/PMMA composites with and
without EVA encapsulation. The PLQYs were measured again after each sample was stored in
the dark for several days following the irradiation experiment, and the values measured before
and after dark storage are indicated as horizontal bars.

To better evaluate the potential of these NC/polymer composite in commercial

applications, we laminated CsPbBrs NC/ZP3 and NC/PMMA samples between two layers of
glass with poly(ethylene-co-vinyl acetate) (EVA) to reduce exposure of the NCs to air.
Remarkably, the PLQY of the EVA-laminated NC/ZP3 sample increases to nearly 100% within

the first few hours of illumination and stays constant at this value for the remaining 75 hrs of the
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experiment. Ex situ integrating-sphere measurements verify that after 75 hrs of irradiation, the
PLQY of the EVA-laminated sample increased from 48 + 5% to 93 + 5%; this PLQY is among
the highest reported to date for any inorganic or hybrid bromo-perovskite NC/polymer solids.?*
51, 58,92 \We also note that the PL spectra of both samples do not change substantially over the
course of this measurement (see Figure B.12), suggesting that this photo-brightening is not
attributable to irreversible etching of the NCs.?" ¥ In contrast, the PLQY of the EVA-laminated
NC/PMMA sample decreased under illumination, recovering again after dark storage. These
irradiation results indicate that the photostability of CsPbBrs NCs can be substantially enhanced
by limiting air exposure. Additionally, when these NCs are hosted in a ZP3 composite, the high
density of zwitterionic passivating groups in this polymer improves photostability in ambient

conditions and increases PLQY in inert conditions relative to the same NCs in PMMA.

343 CsPb(Brixlx)s NC/Polymer Composites

We now turn our attention to polymer composites that stabilize red-emitting CsPblz NCs.
The CsPbls NCs were found to be noticeably less stable than CsPbBrz NCs upon mixing with the
zwitterionic polymers. For example, to prevent NC dissolution during mixing, it was necessary
to use ~10x less polymer per of NC. Even when NC/polymer solutions were deposited onto
substrates immediately after ligand exchange, XRD data (see Figure B.14) show a larger increase
in the FWHM of the 28° peak of the y-cubic phase CsPbls NCs in ZP4 than was noted for
CsPbBrz NCs in ZP3, suggesting that the CsPbls NCs are etched during polymer binding.
Additionally, although CsPbBrs NC/ZP3 composites in butyl acetate were stable under ambient
conditions for up to 5 months, CsPblz NC/ZP4 composites in butyl acetate were only stable for

~24 hrs in similar storage conditions.
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Fortunately, the CsPbls NCs in ZP4 show significantly improved PL compared to the

same NCs either drop cast without polymer or embedded in PMMA composites. Figure 3.4a
plots absorption and PL spectra of a CsPbls NC/ZP4 composite and, for comparison, also of a
CsPblz NC/PMMA composite. The absorption and PL spectra for NCs in ZP4 and PMMA are
nearly identical, apart from greater sub-bandgap scattering and a slight PL blue shift in the
NC/ZP4 sample. The PL decay of the NCs in ZP4 is nearly monoexponential, whereas that of the
NCs in PMMA appears biexponential (see Figure B.15). The PLQYs of the NCs in ZP4 and
PMMA composites are 85 + 5% and 45 + 5%, respectively, suggesting that the additional PL
decay component of the NCs in a PMMA composite can be attributed to non-radiative
recombination at non-passivated surface traps. We also successfully stabilized CsPb(Brixlx)s
NCs in ZP4 composites, but observed a 50 nm PL blue shift after polymer binding. The PLQY of

CsPb(Brixlx)3 NC/ZP4 composite was only ~30% (see Figure B.17).
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Figure 3.4. Characterization and stability assessment of various CsPblz NC/polymer
composites. (a) Absorption and PL spectra of CsPbls NCs in ZP4 and PMMA composites.
Absorption spectra are normalized at 550 nm and PL spectra are normalized to the PL maximum.
The PLQYSs of these samples are also indicated. (b) CsPbls NC PLQY's plotted as a function of
dark storage time in ambient atmosphere, measured for CsPblz NC/ZP4 and NC/PMMA
composites and the same NCs drop cast from hexane solution.

Figure 3.4b plots PLQYs of CsPbls NCs drop cast onto a glass substrate along with

CsPblz NC/ZP4 and CsPbls NC/PMMA composites, measured as a function of dark storage time
under ambient atmosphere. The drop-cast CsPblz NCs degraded almost as soon as they were
exposed to air, and the NCs in PMMA lost two thirds of their PLQY over the course of ~32 days,
dropping to 18 + 5%. In contrast, the NCs in ZP4 maintain their PLQY well over the entire 36-
day experiment, indicating improved long-term stability of CsPbls NCs embedded within the

ZP4 polymer matrix. Additionally, XRD data (Figure B.14) show that the same CsPblz NC



94

crystal structure is maintained after 9 months of dark storage and the PLQY decreased from 85 +
5% to 60 + 5% after 1 year of dark storage in ambient conditions. We also found that the PLQY's
of NC/ZP4 and NC/PMMA composites decrease under 450 nm, full area irradiation, but the
NC/PMMA composite fully degrades within the first 5 hrs of irradiation, while the NC/ZP4
composite retains some luminescence through the full 100 hrs of irradiation (see Figure B.16).
Furthermore, NC/ZP4 composites recover most of their PLQY after dark storage time, while the
PLQY of the NC/PMMA composites remain low after dark storage time. These observations
demonstrate that, like the CsPbBrz NC/ZP3 composites, CsPbls NCs in ZP4 show reversible PL
degradation when irradiated in the presence of air whereas the same NCs in PMMA show

irreversible PL degradation.

3.4.4 Yb3*-Doped CsPbCl3 NC/Polymer Composites

Figure 3.5a shows the absorption spectrum of Yb®:CsPbCls NCs in a ZFP3 composite
thin film. The corresponding fluorinated polymer without zwitterions is insoluble in the apolar
solvents used to process as-synthesized NCs. When zwitterionic groups are added, however, the
zwitterionic fluorinated polymer is soluble in butyl acetate and can be used to stabilize as-
synthesized Yb3*":CsPbCls NCs via the ligand exchange procedure described here. The
absorption spectrum of the NC/ZFP3 film shows minimal sub-bandgap scattering, indicating that
high concentrations of NCs can be well dispersed in ZFP3. The inset of Figure 3.5a shows a
TEM image of the Yb®*:CsPbCls NCs in ZFP3. This image shows that the NC structure is
similar to those reported previously for colloidal Yb®":CsPbCls NCs.® Figure 3.5b plots PL
spectra of zwitterionic ligand-capped Yb®*":CsPbCl; NCs drop cast from solution and of
oleylamine-capped NCs after incorporation into a ZFP3 composite, measured such that relative

intensities can be compared quantitatively. The PLQY of the NC/ZFP3 film is slightly greater
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than that of drop-cast NCs, owing to effective surface passivation by zwitterions in ZFP3.

Additionally, the NC/ZFP3 film retains nearly the same PLQY for over 1.8 years of dark storage,

an indication that the Yb3*:CsPbCls NCs are highly stable in this polymer.
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Figure 3.5. Characterization of Yb*":CsPbCl; NC/ZFP3 composite films. (a) Absorption
spectra of a Yb*":CsPbCls NC/ZPF3 composite film drop cast from butyl acetate. Inset: TEM
image of these NCs in the NC/ZFP3 composite. (b) NIR PL spectra of the Yb3*:CsPbCls
NC/polymer composite shown in panel (a). The PL spectra of the NC/ZFP3 composite after 1.8

years of dark, ambient storage and of the drop-cast zwitterionic-ligand capped NCs without

polymer are also provided for reference. These PL spectra were measured quantitatively such

that relative integrated intensities are proportional to relative PLQYSs.

3.5 DISCUSSION

We have developed a series of modular zwitterion-functionalized poly(isopropyl

methacrylate) polymers with tailored inter-ion spacings and C-H bond densities, and have
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demonstrated the use of these polymers to host highly luminescent CsPbBrs, CsPbls, and
Yb**:CsPbCls NCs in green organic solvents without sacrificing their attractive PL
characteristics. For all the NCs investigated here, the PLQYs increased upon incorporation into
the zwitterion-functionalized polymers, an observation attributed to effective NC surface
passivation by the zwitterionic functional groups. These NC/polymer composites could be cast
into stable thin films, forming high-optical-quality solids with well-dispersed NCs in most cases.
The NCs in these polymers show dark recovery of their PLQYSs following extended irradiation in
ambient atmosphere, likely aided by the high local concentrations of unbound zwitterion groups
in these polymers, which may help to passivate surface defects formed through continuous NC
irradiation. Collectively, this work and the two previously reported studies of zwitterionic
polymers’72 represent the emergence of a new family of functionalized polymers specifically
designed to support a multitude of applications of metal-halide perovskite NCs.

Although many studies have addressed the stability of CsPbBrz NCs in polymer
matrices,2L-22: 36 40, 49, 51, 55, 58, 67, 71-72 Csph]3 NCs have proven especially challenging to stabilize
in polymers.?”- 34 % CsPbl; NCs have been stabilized in solution with near-unity PLQYs,8 62 81
but only one recent report claims to have stabilized CsPblz NCs in a polymer with ~99% PLQY,
obtaining this high PLQY with phosphine additives.®® The two prior studies of zwitterionic-
polymer-stabilized perovskite NCs only demonstrated stabilization of CsPbBrz NCs, one
focusing on solid composites™ and the other on NCs in solution’; the latter polymers were
additionally reported to be ineffective for stabilizing CsPbls NCs.”?> Here, we have demonstrated
the use of zwitterion-functionalized polymers to stabilize CsPbls NCs with ~80% PLQY. The
polymer was tailored to accommodate the lattice parameters of CsPbls NCs® using zwitterionic

functional groups having 4-methylene spacers between sulfonate and quaternary ammonium
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ions. Furthermore, because CsPblz NCs are less stable against dissolution in polar solvents than
their bromide analogues, the branched isopropyl groups of the zwitterion-functionalized
polymers introduced here play an important role by enhancing polymer solubility in aprotic
solvents. This solubility is likely improved relative to previously reported zwitterionic polymers
by the lack of non-coordinating carboxylate groups in the polymer structure.”? This enables
formation of NC/polymer composites in most organic solvents, including green solvents like
butyl acetate that prevent CsPblz NC dissolution over a modest, but acceptable processing
window.

In addition to these attributes, the chemistry of the polymers developed here also makes
them attractive for hosting perovskite NCs in various contexts. The synthetic strategy described
in Scheme 1 is sufficiently modular that both the NC-coordinating and functional groups are
interchangeable with little modification of reaction procedures. Proof-of-concept results have
been demonstrated by swapping the isopropyl methacrylate with fluorinated isopropyl
methacrylate. The high NIR transparencies of resultant fluorinated polymers® combined with
the high solubility and stability of Yb3:CsPbCls NCs in this fluorinated polymer offers an
attractive solution to the problem of rapidly attenuated Yb®* NIR emission in optical waveguides
made from C-H-bond rich polymers that suffer from intense infrared absorption, for example in
quantum-cutting luminescent solar concentrators or optical cavities.® In addition to fluorinated
isopropyl methacrylate, the modularity of this polymer synthesis suggests that a wide variety of
acrylate/methacrylate monomers with various functional groups can be included to modify the
physical and chemical properties of these NC composites. For example, poly(ethylene glycol)
offers water solubility®® and benzophenone has been demonstrated as an effective crosslinking

group for CsPbBrz NC/zwitterionic polymer composites.” Similarly, although proof-of-concept
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results have been presented demonstrating stable red-emitting CsPb(Brixlx)z NC/polymer
composite thin films relevant to LEDs,®® prior work has suggested that phosphonate-based
zwitterionic groups may better stabilize such anion-alloyed perovskite NCs,®® and the synthesis
methods described here are also amenable to swapping these functional groups. Moreover,
because the NC/polymer composites are highly soluble in different organic solvents/mediums,
they should also be easily blended and crosslinked with commercial resins without impacting
their ability to stabilize perovskite NCs. Such an approach could be used to prepare fully
crosslinked NC/polymer composites with various mechanical properties (e.g., flexibility and
stretchability) to further expand the functionalities of these NC/polymer composite for most
commercial or experimental applications. This class of polymers thus offers broadly attractive

chemical flexibility.

3.6 CONCLUSION

In summary, we demonstrate a straightforward method to synthesize a full series of
novel, modular zwitterion-functionalized poly(isopropyl methacrylate) polymers that can be
specifically tailored to host different types of luminescent perovskite NCs. These polymers use
tunable zwitterionic anchor groups to stabilize the perovskite NCs, and they use fluorinated or
non-fluorinated moieties to tune other optical characteristics, making them useful for hosting a
broad array of doped and undoped perovskite NCs. As-prepared perovskite NCs could be easily
transferred into these polymers via simple ligand exchange and precipitation, and the resulting
perovskite NC/polymer composites show good NC solubility in most solvents, including green
solvents like ethyl and butyl acetate. These solvated composites could be easily cast into high-
optical-quality solid thin films for further optical interrogation or application. The NC PLQYSs

and ambient stabilities in these polymers are substantially enhanced relative to those in more
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conventional PMMA polymer matrices. Overall, these findings establish this class of zwitterion-
functionalized polymers as a flexible platform for advancing fundamental research involving
perovskite NC/polymer composites and may help to advance the commercialization potential of
perovskite NCs by facilitating full-scale manufacturing of luminescent NC-based composites via

solution processing with green solvents.
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CHAPTER 4. DIRECT PATTERNING OF PEROVSKITE
NANOCRYSTALS ON NANOPHOTONIC
CAVITIES WITH ELECTROHYDRODYNAMIC
INKJET PRINTING

Reproduced with permission from Cohen, T. A; Sharp, D; Kluherz, K. T; Chen, Y; Munley, C;
Anderson, R. T; Swanson, C. S; De Yoreo, J. J; Luscombe, C. K; Majumdar, A; Gamelin, D. R;

MacKenzie, J. D. Nano Letters 2022, Submitted.

4.1 OVERVIEW

Overcoming the challenges of patterning luminescent materials will unlock additive and
more sustainable paths for manufacturing of next generation on chip photonic devices.
Electrohydrodynamic (EHD) inkjet printing is a promising method for deterministically placing
emitters on photonic devices. However, the use of this technique to pattern luminescent lead-
halide perovskite nanocrystals (NCs), notable for their defect tolerance and impressive optical
and spin coherence properties, for integration with optoelectronic devices remains unexplored. In
this work, we additively deposit nanoscale CsPbBrs NC features on photonic structures via EHD
inkjet printing. We perform transmission electron microscopy of EHD inkjet-printed NCs to
demonstrate that the NCs’ structural integrity is maintained throughout the printing process.
Lastly, NCs are deposited with submicron control on an array of parallel silicon nitride
nanophotonic cavities and demonstrate cavity-emitter coupling via photoluminescence
spectroscopy. These results demonstrate EHD inkjet printing as a scalable, precise method to

pattern luminescent nanomaterials for photonic applications.
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4.2 INTRODUCTION

Nanoscale patterning of materials has been critical for the rapid advancement of
electronic information processing technologies.'?> The patterning of luminescent materials
attracted early research interest,® and this capability has become critical for many emerging
photonic device platforms where precise heterointegration of emitters and other materials on
nanophotonic structures is needed.*® Inkjet printing has emerged as a promising method for
patterning photoactive nanocrystals (NCs) because it is a rapid, mask free method of placing on-
demand droplets of material into any arbitrary pattern with almost no material waste.®® Typical
inkjet-printing resolutions are limited to tens of microns, which is less precise than needed for
integrated photonics. Smaller printed features can be generated using electrohydrodynamic
(EHD) inkjet printing, a process that uses an electric field applied from the print nozzle to
overcome surface energetics and viscous kinetics that limit mechanical droplet formation to
generate droplets far smaller than those obtained with traditional inkjet printing.>1° Perovskite
NCs are promising materials for quantum photonics due to superior single-photon emission,!1?
high optical coherence times,'® and lifetime-limited excited-state spin coherence.’* These NCs
have been processed with EHD inkjet printing for LEDs® and radiative lifetime-encoded
security tags,'® but this method has not been used to deterministically place perovskite NCs on
nano-photonic cavities, an advancement that is necessary to develop next-generation chip-
integrated quantum photonic devices. Furthermore, given the many documented structural
instabilities of perovskite NCs,'’8 a thorough analysis after EHD inkjet printing is necessary to
evaluate whether the high voltages used during processing are compatible with these notoriously

unstable materials.
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In this work, we use EHD inkjet printing to deterministically position CsPbBrs NCs on
nanophotonic structures. Atomic force microscopy (AFM) images and photoluminescence (PL)
studies of printed NCs show that tunable NC features with diameters of 500 nm and heights of
50 nm could be reproducibly fabricated without compromising the NCs’ PL properties.
Additionally, we use silicon nitride membrane transmission electron microscopy (TEM) grids to
collect the first high resolution TEM images of EHD printed NCs to date. Finally, we
demonstrate that this printing method can be used to deterministically place these NCs onto
silicon nitride nanobeam cavities!®?° with NC emission successfully coupled to the cavity
modes. These results show that perovskite NCs can be effectively processed with EHD inkjet

printing with high precision and at scale for photonic device integration.

4.3 METHODS

Materials. Lead acetate trihydrate [Pb(OAcC)2-3H20] (99.9%, Baker Chemical), cesium
carbonate [Cs2COz] (99.9%, Sigma Aldrich), bromotrimethylsilane [TMS-Br] (97%, Sigma
Aldirch), 1-octadecene [ODE] (90%, Sigma Aldrich), oleylamine [OAm] (70%, Sigma Aldrich),
oleic acid [OA] (90%, Sigma Aldrich), didodecyldimethylammonium bromide [DDABTr] (98%,
Sigma Aldrich), hexanes (99%, mixture of isomers, Sigma Aldrich), ethyl acetate (99%, Sigma
Aldrich), toluene (HPLC, Fischer Chemical), octane (99%, Sigma Aldrich), hexadecane (99%,
Sigma Aldrich), nitric acid (20%, EMD), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%,
Sigma Aldrich), anisole (99.7%, Sigma Aldrich), and poly(methyl methacrylate) [PMMA]
(~120,000 MW, Sigma Aldrich) were used as received unless otherwise noted.

Nanocrystal Synthesis and Solution Preparation. CsPbBrz NCs were synthesized
according to methods reported previously.?! Once purified, the NCs were treated with DDABr

according to methods reported previously.” Briefly, 600 pL of stock NC solution in hexanes was
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combined with 600 pL of toluene, 160 uL of 0.05 M DDAB- solution in toluene, and 30 uL of

oleic acid in an Na-filled glovebox. The resulting NCs were precipitated with ethyl acetate in air
and centrifuged at 16,060 gx for 10 minutes. The precipitated NCs were resuspended in hexanes
and stored in an N-filled glovebox for future use. NC inks were prepared by removing a 100 puL
aliquot of hexanes NC solution from the glovebox and drying the NCs under N2 flow. Once
dried, 500 pL of octane and hexadecane were added, and the resulting solution was filtered
through a 220 nm PTFE syringe filter to yield a solution with a NC concentration of ~107 M.
Hexadecane was chosen for its high boiling point to prevent drying and nozzle clogging during
the printing process, but additional octane was necessary to facilitate suspension of these NCs in
solution. All NC inks were used within one day of preparation. PMMA solutions were prepared
by stirring 80 mg mL* of PMMA in anisole overnight and filtering through a 460 nm PTFE
syringe filter.

Electrohydrodynamic Inkjet Printing. Printing was performed with the SIJ
Technologies, S050 EHD inkjet printer. Substrates were cleaned with concentrated nitric acid
overnight and washed with DI water. Clean substrates were then coated with a low surface
energy fluorinated SAM by placing the substrate on a 160 °C hotplate under a petri dish with 10
uL of trichloro(1H,1H,2H,2H-perfluorooctyl)silane for 1 hr prior to mounting on the EHD inkjet
printer stage. A fresh super-fine EHD inkjet print nozzle with a ~2 um inner diameter was then
loaded with 10 pL of NC ink using a custom-designed narrow pipet tip, and the print nozzle was
magnetically mounted to the EHD inkjet printer. The nozzle tip was lowered ~10 um above the
substrate and printing was performed in bump mode with a 75% square waveform between 200
V and 600 V operating at a frequency of 1 kHz. The bed speed and bump hold time were tuned

to the desired droplet spacing and print consistency (see Figure C.3). To print droplets aligned to
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pre-fabricated device substrates, E-beam etched marks on the device substrate were found with
the printer’s built-in alignment camera, and the associated stage location is saved in the software.
A nozzle alignment mark was then printed on the substrate and found with the alignment camera,
and the associated alignment camera location was saved in the software. This information, along
with the spacing between nanobeam cavity devices on the substrate, was used to calibrate the
coordinate plane of the stage and the alignment camera to the movement of the nozzle, thereby
enabling the placement of NC droplets onto the center of SizN4 nanobeam cavities with micron-
scale precision (see Figure C.7). If necessary, 100 uL of PMMA solution in anisole was spin
coated onto the printed substrate at 2000 RPM for 1 minute. The substrate was then annealed at

70 °C for 10 min.

4.4 RESULTS AND ANALYSIS

CsPbBrs NCs were synthesized and ligand treated according to methods reported
previously.l” 2! This synthesis yields orthorhombic perovskite NCs with an average edge length
of 9.7 £ 2.1 nm and narrow ~520 nm PL with a PL quantum yield of ~80% (see Figure C.1). The
NCs were then dispersed in a 1:1 mixture of octane and hexadecane at a NC concentration of
~107 M for the formulation of a stable EHD printing ink dispersion. Figure la shows a
schematic of the EHD inkjet printing setup used in this work. Printing is performed by applying
a voltage between the electrode within the print nozzle and the substrate ground plane. This
voltage polarizes the printing solution, creating an electric field that overcomes the intrinsic
surface energy controlling the meniscus curvature of the EHD ink at the nozzle orifice, i.e.
creating a Taylor cone at the tip of the print nozzle, as illustrated in the inset of Figure 4.1a.
Computer control of the voltage parameters associated with this electric field allows droplet

formation and acceleration towards the substrate, and the controlled movement of the substrate
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stage enables the printing of very high-resolution patterns. Silicon and glass substrates coated
with a fluorinated self-assembled monolayer (SAM) were used to prevent droplet spreading that
could increase printed feature sizes. Printing was performed with ‘bump mode’ waveform
control, a method of printing where the control software stops the print nozzle at discrete points
and applies an AC potential for a set time to dispense femtoliter-scale NC ink droplets at each

point (see Figure C.2). This approach allows fine and arbitrary tuning of the NC drop spacing in

any desired pattern.

AC
Source

| Electric Field

Piezo.
Xy stage o
=

Figure 4.1. EHD inkjet printing for high-resolution patterning of perovskite NCs. (a) Scheme
describing the EHD inkjet printing setup. A computer-controlled AC source creates an
alternating voltage profile between the print nozzle and the printer bed via a small electrode
embedded in the print nozzle. This voltage generates an electric field between the print nozzle
and the print substrate that drives printing. Inset: Diagram showing the effect of an electric field
on the meniscus at the tip of an EHD inkjet print nozzle. Partial polarization of the NC ink
overcomes the ink’s surface energy and draws a convex Taylor cone out of the EHD nozzle to
produce small droplets that form the final print pattern. PL microscope images of printed
CsPbBr3 NCs on a fluorinated SAM-treated silicon substrate with (b) 2 um feature spacing and

(c) 20 pm feature spacing.
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441 NC Print Characterization

Figure 4.1b-c shows PL microscope images of EHD inkjet-printed CsPbBrs NCs under
450 nm excitation. The 210 um print pattern in Figure 4.1b consists of 2 um spaced NC features
printed with a 70 ms hold time. Figure 4.1c shows a section of a 500 um pattern composed of 20
pum spaced features printed with 40 ms hold time. The hold times were selected based on an
optimization to maximize the ratio of on-target to off-target printed features, as exemplified in
Figure C.3. Green PL is observed from each printed NC feature, and the 2 and 20 um grid
patterns are well maintained across the entire printed pattern with few defects. To test whether
EHD inkjet printing impacts the optoelectronic properties of the CsPbBrz NCs, steady-state PL
studies of NCs before and after printing were conducted. Figure 4.2a shows PL spectra of an
individual printed feature and an ensemble of the same NCs drop cast onto a silicon substrate.
The NC PL blue-shifts when printing biases of 750 — 1250 V are used (see Figure C.4), but it
remains largely unchanged under the typical printing conditions used here (200 — 600 V).
Furthermore, the inset of Figure 4.2a shows that when NC print patterns are excited with 450 nm
light, visible NC PL can be observed by eye and imaged with a cell phone camera. The NCs thus

remain bright following the EHD inkjet printing process.
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Figure 4.2. Optical and structural characterization of EHD inkjet-printed NCs. (@)
Normalized PL spectra of CsPbBrs NCs drop cast from hexanes solvent and EHD inkjet printed
on a silicon substrate. Inset: Photograph of printed patterns on a glass substrate, under 450 nm
illumination. The 1 mm? print patterns visible here have different brightness because they were
printed with different parameters and different numbers of print passes. AFM images of NCs
printed with 20 um feature spacing and bump hold times of (b) 40 ms and (c) 70 ms. (d) AFM
image of NCs printed with 2 pum feature spacing. (e) Height profiles from the color-coded lines
in the AFM images in panels b-d show controllable, sub-micron NC feature sizes.

Figure 4.2b-d shows AFM images of EHD inkjet-printed CsPbBrs NCs, and Figure 4.2e

shows height profiles collected along the color-coded lines shown in Figure 4.2b-d. These

printed features are less than 1 um in diameter, which highlights high-resolution patterning
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capability of EHD inkjet printing. Figure 4.2d and the additional AFM image in Figure C.5 show

that remarkably consistent feature spacings of 2 um can be readily achieved with this technique.
The height profiles in Figure 4.2e further demonstrate that printed features can be reduced to
diameters as small as 500 nm by optimizing print parameters. These liquid ink-derived features
show minimal ‘coffee ring’ character, which demonstrates that the fluorinated SAM-coated
silicon substrates provide the surface energy mismatch necessary for effective dewetting to yield
high-resolution print features.?>?® Additionally, while 500 nm diameter on-target features could
be reproducibly formed, further AFM analysis in Figure C.5 shows that some off-target droplets
form features with diameters below 300 nm, which suggests that further optimization of print
parameters could yield even smaller on-target EHD printed NC features. Finally, the step heights
observed for the prints shown here are all multiples of the NC edge length of ~10 nm,

demonstrating that these print features are composed of only 2 — 4 layers of CsPbBrz NCs.
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4.4.2 Transmission Electron Microscopy of Printed NCs
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Figure 4.3. Transmission electron microscopy of EHD inkjet-printed perovskite NCs. (a) PL

microscope image of EHD inkjet-printed CsPbBrs NCs on a carbon-coated SisN4 membrane
window TEM grid under 450 nm irradiation. (b) Dark field optical microscope image of the
same area shown in panel a. The bright white line is the edge of the SizNs TEM window. (c,d)
HAADF-STEM images of CsPbBrs NCs within an EHD inkjet-printed droplet. (e) Edge length
distribution of EHD inkjet-printed NCs (blue) and non-printed NCs (red). (f) Electron diffraction
(ED) image of a selected area showing a spot diffraction pattern which indexes to the CsPbBrs
Pnma lattice planes. (g) ED pattern ring integration of printed CsPbBrs NCs (blue) compared
with the XRD pattern of non-printed NCs (red) and a standard reference (black). The differing
peak intensities are attributed to differences in preferential NC orientation when prepared for
XRD and ED analysis. Inset: Large area ED image used to acquire the integrated pattern in panel
g. Scale bars in panels f and g are 2 nm™.

Ideally, the NC crystal phase, size distribution, and cubic shape would all be preserved
after printing. These characteristics can be measured by TEM, but EHD inkjet-printed NCs have
not been characterized with high resolution TEM to date. The few reported TEM images of

EHD-printed structures were collected from silica structures on copper TEM grids generated
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with printing biases between 6 and 12 kV,2*?° or from gold nanostructures printed on
molybdenum half grids for STEM imaging.?® The voltages used for silica printing would likely
be too high to adequately preserve perovskite NC PL properties, as discussed above, and we
were unable to successfully print CsPbBrs NCs onto carbon coated copper or nickel TEM grids
at lower voltages due to the grids’ high conductivity. Furthermore, the molybdenum half grid
approach cannot be used to collect high resolution images or electron diffraction (ED) patterns of
printed structures, which are important for assessing NC morphological and structural properties
after printing. Therefore, we used carbon-coated SisN4 membrane TEM grids for imaging our
EHD inkjet-printed NCs. Figure 4.3a,b shows optical microscope images of CsPbBrz NCs
collected in PL and dark field modes, respectively. Similar printing voltages (200 — 600 V) to
those employed in Figure 4.1 — Figure 4.2 were used to print on SisNs membrane TEM grids, and
NC PL is clearly visible in regions both above the SisN4 window and on the surrounding silicon
support. We did not apply the same fluorinated SAM treatment to the SisNs TEM grids as was
used on the silicon substrates discussed previously, which results in the printing of larger
droplets in Figure 4.3a,b. Nevertheless, the high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images in Figure 4.3c,d show that each printed feature
comprises clusters of individually resolvable CsPbBrz NCs. Additionally, ordered NC
superlattice domains are visible in these and other printed NC STEM images shown in Figure
C.6. Figure 4.3e shows edge length distributions from NCs printed on SizNs TEM grids and drop
cast from hexanes onto a carbon coated copper TEM grid. The average NC edge lengths before
and after printing are 9.7 £ 2.1 nm and 9.8 + 1.6 nm respectively, which demonstrates that the
NC size distribution is largely unchanged by the EHD inkjet printing process. Figure 4.3f shows

the ED obtained from a small-area of the EHD inkjet-printed NCs. The spot patterns in this
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image index to the orthorhombic CsPbBrs crystal lattice, and the alignment of the diffraction
spots reinforces the observation that the printed NCs form self-assembled superlattice domains
under these printing conditions. Finally, the radially integrated, large-area ED pattern in Figure
4.3g can be directly indexed to the orthorhombic CsPbBrs powder XRD reference pattern and the
XRD data obtained for non-printed CsPbBrz NCs, with no additional detectable crystal phases.
Notably, the ED peak intensities differ from the powder XRD intensities, reflecting the preferred

orientation of the printed NCs.
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4.4.3 Deterministic Position on Nanophotonic Devices
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Figure 4.4. Optical coupling of EHD inkjet-printed NCs to nanophotonic cavities. (a) PL
microscope image of EHD inkjet-printed CsPbBrs NCs on an array of pre-fabricated monolithic
SizN4 nanobeam cavities. NC features were printed with 50 um spacing, and several off-target
features are present. Visible PL can be seen emanating from the grating couplers at the top and
bottom of each cavity. (b) PL spectra collected through the nanobeam cavity grating coupler. In
addition to broad background CsPbBrs NC emission, a sharp peak is observed at ~517 nm,
associated with NC PL coupled to the nanobeam cavity mode (Q ~ 1000). Inset: PL microscope
image of the nanobeam cavity characterized in panel b. Scale bar is 10 um.

The patterns analyzed above were all printed on blank silicon substrates. To print NCs
onto pre-fabricated SisN4 nanobeam cavities,'® 27 we use an EHD inkjet printing alignment

process to ensure that printed droplets are placed directly on the centers of the nanobeam
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cavities, as described in Figure C.7. Aligned print patterns were then coated with poly(methyl
methacrylate) (PMMA\) to encapsulate the NCs against environmental degradation during optical
characterization and to preserve the inversion symmetry of the refractive index surrounding the
cavity without impacting NC PL (see Figure C.8). The nanobeam cavities are designed to
maintain a high quality factor even when they are encapsulated in polymer.? Figure 4.4a shows
a PL microscope image of EHD inkjet-printed NCs on a large array of nanobeam cavities. The
inset of Figure 4.4b shows a magnified image of one individual nanobeam cavity. The green
emission of the printed CsPbBrs NCs is clearly visible at the centers and at the grating couplers
found at both ends of each nanobeam cavity waveguide. This result shows that the printed NC
emission is successfully coupled into the nanobeam cavity and that EHD inkjet printing
successfully placed NCs onto all the devices. Figure 4.4b shows the spectrum of emission
emanating from the grating coupler of the nanobeam cavity in the inset of Figure 4.4b with
additional images in Figure C.9. In addition to the broad background PL of non-cavity coupled
NCs, a sharp peak at ~517 nm is observed. This peak can be assigned to NC emission that is
coupled to the cavity mode of this nanobeam cavity. Lorentzian fitting of this peak reveals a Q-
factor of ~1,000 for this cavity-coupled emission, which is in good agreement with the expected
Q-factors for this nanobeam cavity structure.!® We also note an additional higher order cavity
peak at ~503 nm. We attribute this mode to slight out-of-plane inversion symmetry breaking of

the refractive index by the printed NCs.?’

4.5 DiscuUssION

There are several important advancements in this work that demonstrate the potential of
EHD inkjet printing for integration of perovskite NCs with photonic devices. First, despite the

promising structural characterization in prior reports of EHD inkjet-printed CdSe?*3° or
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perovskite'®!’ NCs, the TEM data presented here provide unique and comprehensive evidence of
NC structure preservation and self-assembly during the printing process. This result is
particularly important for  perovskites because of their well-documented environmental
instability and the potential of both single perovskite NCs as single photon sources*" ** and self-
assembled superlattices as superfluorescent correlated photon sources®'? for chip-integrated
qguantum photonics. Secondly, while CdSe NCs have been EHD inkjet-printed on plasmonic
devices with near micron precision,®*-* and reports of EHD printed perovskite NCs demonstrate
ink co-alignment with a precision of ~10 um,'® this report demonstrates sufficient feature
alignment precision to place perovskites on a ~10 mm? array of dielectric photonic crystal
cavities with unmatched, submicron precision. The co-alignment imprecision here is greater than
one micron, but it can be improved by using a more precise print stage and alignment setup.
Similarly, the Q-factor of ~1000 demonstrated here can be improved through improved cavity

design.?°

4.6 CONCLUSION

In summary, we’ve shown that CsPbBrz NCs can be deterministically patterned over
large areas and with sub-micron precision using EHD inkjet printing. Additionally, we collected
the first high-resolution STEM images of EHD inkjet-printed structures, showing that the
original NC structure is preserved post printing and that NCs within these printed structures self-
assemble into superlattices. We also used micron-scale alignment to place printed NC droplets
onto the centers of a ~10 mm? array of prefabricated SisNs nanobeam cavities. This
demonstration will motivate the further exploration of this printing method to process perovskite
NCs for photonic devices, with the potential to leverage quantum emission from single printed

perovskite NCs or self-assembled NC superlattices with monolayer thickness control. It also
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motivates the exploration of EHD inkjet printing of other novel luminescent materials for

photonic device integration.

4.7 ACKNOWLEDGEMENT

This research was primarily supported by the National Science Foundation (NSF)
through the UW Molecular Engineering Materials Center, a Materials Research Science and
Engineering Center (DMR-1719797 to DRG and CKL). This work was also supported by the
State of Washington through the Washington Research Foundation and the Joint Center for
Deployment and Research in Earth Abundant Materials (to JDM). Part of this work was
conducted at the Washington Clean Energy Testbeds and the Photonic Research Center, facilities
operated by the University of Washington Clean Energy Institute. Part of this work was
conducted at the Molecular Analysis Facility, a National Nanotechnology Coordinated
Infrastructure site at the University of Washington that is supported in part by the National
Science Foundation (ECC-1542101), the University of Washington, the Molecular Engineering
& Sciences Institute, and the Clean Energy Institute. We gratefully acknowledge the assistance
of Kelly Walsh for collecting XRD data. We also acknowledge Yunping Huang for helpful

discussion.

4.8 REFERENCES

1. Thompson, L. F., An Introduction to Lithography. In Introduction to Microlithography,
American Chemical Society: 1983; Vol. 219, pp 1-13.

2. Xia, Y.; Rogers, J. A.; Paul, K. E.; Whitesides, G. M., Unconventional Methods for
Fabricating and Patterning Nanostructures. Chem. Rev. 1999, 99, 1823-1848.

3. Kash, K.; Scherer, A.; Worlock, J. M.; Craighead, H. G.; Tamargo, M. C., Optical
Spectroscopy of Ultrasmall Structures Etched from Quantum Wells. Appl. Phys. Lett.
1986, 49, 1043-1045.

4. Senellart, P.; Solomon, G.; White, A., High-Performance Semiconductor Quantum-Dot
Single-Photon Sources. Nat. Nanotechnol. 2017, 12, 1026-1039.



10.

11.

12.

13.

14.

15.

16.

17.

18.

124

Suh, Y.-H.; Shin, D.-W.; Chun, Y. T., Micro-to-Nanometer Patterning of Solution-Based
Materials for Electronics and Optoelectronics. RSC Advances 2019, 9, 38085-38104.
Tekin, E.; Smith, P. J.; Hoeppener, S.; van den Berg, A. M. J.; Susha, A. S.; Rogach, A.
L.; Feldmann, J.; Schubert, U. S., Inkjet Printing of Luminescent CdTe Nanocrystal—
Polymer Composites. Adv. Funct. Mater. 2007, 17, 23-28.

Wood, V.; Panzer, M. J.; Chen, J.; Bradley, M. S.; Halpert, J. E.; Bawendi, M. G.;
Bulovi¢, V., Inkjet-Printed Quantum Dot—Polymer Composites for Full-Color AC-Driven
Displays. Adv. Mater. 2009, 21, 2151-2155.

Lan, L.; Zou, J.; Jiang, C.; Liu, B.; Wang, L.; Peng, J., Inkjet Printing for
Electroluminescent Devices: Emissive Materials, Film Formation, and Display
Prototypes. Front. Optoelectron. 2017, 10, 329-352.

Nakao, H.; Murakami, T.; Hirahara, S.; Nagato, H.; Nomura, Y., Head Design for Novel
Ink-Jet Printing Using Electrostatic Force. NIP & Digital Fabrication Conference 1999,
1999, 319-322.

Park, J.-U.; Hardy, M.; Kang, S. J.; Barton, K.; Adair, K.; Mukhopadhyay, D. k.; Lee, C.
Y.; Strano, M. S.; Alleyne, A. G.; Georgiadis, J. G.; Ferreira, P. M.; Rogers, J. A., High-
Resolution Electrohydrodynamic Jet Printing. Nat. Mater. 2007, 6, 782-789.

Park, Y.-S.; Guo, S.; Makarov, N. S.; Klimov, V. |., Room Temperature Single-Photon
Emission from Individual Perovskite Quantum Dots. ACS Nano 2015, 9, 10386-10393.
Raino, G.; Nedelcu, G.; Protesescu, L.; Bodnarchuk, M. I.; Kovalenko, M. V.; Mahrt, R.
F.; Stoferle, T., Single Cesium Lead Halide Perovskite Nanocrystals at Low
Temperature: Fast Single-Photon Emission, Reduced Blinking, and Exciton Fine
Structure. ACS Nano 2016, 10, 2485-2490.

Utzat, H.; Sun, W.; Kaplan, A. E. K.; Krieg, F.; Ginterseder, M.; Spokoyny, B.; Klein, N.
D.; Shulenberger, K. E.; Perkinson, C. F.; Kovalenko, M. V.; Bawendi, M. G., Coherent
Single-Photon Emission from Colloidal Lead Halide Perovskite Quantum Dots. Science
2019, 363, 1068-1072.

Crane, M. J.; Jacoby, L. M.; Cohen, T. A.; Huang, Y.; Luscombe, C. K.; Gamelin, D. R.,
Coherent Spin Precession and Lifetime-Limited Spin Dephasing in CsPbBr3 Perovskite
Nanocrystals. Nano Lett. 2020, 20, 8626-8633.

Altintas, Y.; Torun, I.; Yazici, A. F.; Beskazak, E.; Erdem, T.; Serdar Onses, M.;
Mutlugun, E., Multiplexed Patterning of Cesium Lead Halide Perovskite Nanocrystals by
Additive Jet Printing for Efficient White Light Generation. Chem. Eng. J. 2020, 380,
122493.

Yakunin, S.; Chaaban, J.; Benin, B. M.; Cherniukh, I.; Bernasconi, C.; Landuyt, A.;
Shynkarenko, Y.; Bolat, S.; Hofer, C.; Romanyuk, Y. E.; Cattaneo, S.; Pokutnyi, S. I.;
Schaller, R. D.; Bodnarchuk, M. I.; Poulikakos, D.; Kovalenko, M. V., Radiative
Lifetime-Encoded Unicolour Security Tags Using Perovskite Nanocrystals. Nat.
Commun. 2021, 12, 981.

Raino, G.; Landuyt, A.; Krieg, F.; Bernasconi, C.; Ochsenbein, S. T.; Dirin, D. N.;
Bodnarchuk, M. I.; Kovalenko, M. V., Underestimated Effect of a Polymer Matrix on the
Light Emission of Single CsPbBrs Nanocrystals. Nano Lett. 2019, 19, 3648-3653.
Baranov, D.; Fieramosca, A.; Yang, R. X.; Polimeno, L.; Lerario, G.; Toso, S.;
Giansante, C.; Giorgi, M. D.; Tan, L. Z.; Sanvitto, D.; Manna, L., Aging of Self-
Assembled Lead Halide Perovskite Nanocrystal Superlattices: Effects on
Photoluminescence and Energy Transfer. ACS Nano 2021, 15, 650-664.



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

125

Fong, C. F.; Yin, Y.; Chen, Y.; Rosser, D.; Xing, J.; Majumdar, A.; Xiong, Q., Silicon
Nitride Nanobeam Enhanced Emission from All-Inorganic Perovskite Nanocrystals. Opt.
Express, OE 2019, 27, 18673-18682.

He, Z.; Chen, B.; Hua, Y.; Liu, Z.; Weli, Y.; Liu, S.; Hu, A.; Shen, X.; Zhang, Y.; Gao,
Y.; Liu, J., CMOS Compatible High-Performance Nanolasing Based on Perovskite-Sin
Hybrid Integration. Adv. Opt. Mater. 2020, 8, 2000453.

Cohen, T. A.; Huang, Y.; Bricker, N. A.; Juhl, C. S.; Milstein, T. J.; MacKenzie, J. D.;
Luscombe, C. K.; Gamelin, D. R., Modular Zwitterion-Functionalized Poly(Isopropyl
Methacrylate) Polymers for Hosting Luminescent Lead Halide Perovskite Nanocrystals.
Chem. Mater. 2021, 33, 3779-3790.

Schlisske, S.; Held, M.; RédImeier, T.; Menghi, S.; Fuchs, K.; Ruscello, M.; Morfa, A. J.;
Lemmer, U.; Hernandez-Sosa, G., Substrate-Independent Surface Energy Tuning Via
Siloxane Treatment for Printed Electronics. Langmuir 2018, 34, 5964-5970.

Klein, T.; Yan, S.; Cui, J.; Magee, J. W.; Kroenlein, K.; Rausch, M. H.; Koller, T. M.;
Froba, A. P., Liquid Viscosity and Surface Tension of n-hexane, n-octane, n-decane, and
n-hexadecane up to 573 K by Surface Light Scattering. J. Chem. Eng. Data 2019, 64,
4116-4131.

Wang, D. Z.; Jayasinghe, S. N.; Edirisinghe, M. J., High Resolution Print-Patterning of a
Nano-Suspension. Journal of Nanoparticle Research 2005, 7, 301-306.

Wang, D. Z.; Jayasinghe, S. N.; Edirisinghe, M. J.; Luklinska, Z. B., Coaxial
Electrohydrodynamic Direct Writing of Nano-Suspensions. Journal of Nanoparticle
Research 2007, 9, 825-831.

Rohner, P.; Reiser, A.; Rabouw, F. T.; Sologubenko, A. S.; Norris, D. J.; Spolenak, R.;
Poulikakos, D., 3d Electrohydrodynamic Printing and Characterisation of Highly
Conductive Gold Nanowalls. Nanoscale 2020, 12, 20158-20164.

Chen, Y.; Ryou, A.; Friedfeld, M. R.; Fryett, T.; Whitehead, J.; Cossairt, B. M.;
Majumdar, A., Deterministic Positioning of Colloidal Quantum Dots on Silicon Nitride
Nanobeam Cavities. Nano Lett. 2018, 18, 6404-6410.

Fryett, T. K.; Chen, Y.; Whitehead, J.; Peycke, Z. M.; Xu, X.; Majumdar, A.,
Encapsulated Silicon Nitride Nanobeam Cavity for Hybrid Nanophotonics. ACS
Photonics 2018, 5, 2176-2181.

Kim, B. H.; Onses, M. S.; Lim, J. B.; Nam, S.; Oh, N.; Kim, H.; Yu, K. J.; Lee, J. W.;
Kim, J.-H.; Kang, S.-K.; Lee, C. H.; Lee, J.; Shin, J. H.; Kim, N. H.; Leal, C.; Shim, M.;
Rogers, J. A., High-Resolution Patterns of Quantum Dots Formed by
Electrohydrodynamic Jet Printing for Light-Emitting Diodes. Nano Lett. 2015, 15, 969-
973.

Kress, S. J. P.; Richner, P.; Jayanti, S. V.; Galliker, P.; Kim, D. K.; Poulikakos, D.;
Norris, D. J., Near-Field Light Design with Colloidal Quantum Dots for Photonics and
Plasmonics. Nano Lett. 2014, 14, 5827-5833.

Raino, G.; Becker, M. A.; Bodnarchuk, M. I.; Mahrt, R. F.; Kovalenko, M. V.; Stoferle,
T., Superfluorescence from Lead Halide Perovskite Quantum Dot Superlattices. Nature
2018, 563, 671-675.

Cherniukh, 1.; Raino, G.; Stoferle, T.; Burian, M.; Travesset, A.; Naumenko, D.;
Amenitsch, H.; Erni, R.; Mahrt, R. F.; Bodnarchuk, M. I.; Kovalenko, M. V., Perovskite-
Type Superlattices from Lead Halide Perovskite Nanocubes. Nature 2021, 593, 535-542.



33.

34.

126

Kress, S. J. P.; Antolinez, F. V.; Richner, P.; Jayanti, S. V.; Kim, D. K.; Prins, F.;
Riedinger, A.; Fischer, M. P. C.; Meyer, S.; McPeak, K. M.; Poulikakos, D.; Norris, D. J.,
Wedge Waveguides and Resonators for Quantum Plasmonics. Nano Lett. 2015, 15, 6267-
6275.

Kress, S. J. P.; Cui, J.; Rohner, P.; Kim, D. K.; Antolinez, F. V.; Zaininger, K.-A.;
Jayanti, S. V.; Richner, P.; McPeak, K. M.; Poulikakos, D.; Norris, D. J., A Customizable
Class of Colloidal-Quantum-Dot Spasers and Plasmonic Amplifiers. Sci. Adv. 2017, 3,
e1700688.



APPENDIX A. SUPPORTING INFORMATION FOR QUANTUM-
CUTTING YB®*-DOPED PEROVSKITE
NANOCRYSTALS FOR MONOLITHIC BILAYER
LUMINESCENT SOLAR CONCENTRATORS

Reproduced with permission from Cohen, T. A.; Milstein, T. J.; Kroupa, D. M.; MacKenzie, J.
D.; Luscombe, C. K.; Gamelin, D. R. J. Mater. Chem. A 2019, 7, 9279. Copywrite 2019 Royal
Society of Chemistry.

A.1 CUINS, LSC LAYER MODELING

The model described here was developed and validated in a previous report. In this model,
the fraction of absorbed photons attenuated by the waveguide, re-absorbed once by the NCs, and
emitted into the escape cone are calculated separately using equations A.1, A.2, and A.3,

respectively.
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n

Here, « is the attenuation of the waveguide (0.002 cm™). From here, the proportion of
emitted photons that reach the edge of the LSC without being re-absorbed, attenuated, or emitted

through the escape cone is L =1 —F — R — €. To account for multiple cycles of re-absorption



and emission, the OQE(L) of the CulnS; NC layer is calculated
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using an infinite series as

follows:
m .
0QE(L) = L& Z (RD)! = (A4)
A.2 SUPPORTING FIGURES
1.0 1.0
a 4 b 4

- 0 40 80 120 ~—~ 0 40 80 120
50.8 Excitation Dist. (cm) D0.8 Excitation Dist. (cm)
= -
<06 <06
2 2
0.4 0.4 /
9 ] /
s = )
F 0.2 7 0.2 / /) \

0.0 e 0.0 - s

900 950 1000 1050 1100 900 950 1000 1050 1100
Wavelength (nm) Wavelength (nm)

1.2 1.2
2 ¢ <20 40 80 120 = d Qo 40 80 120
210 Excitation Dist. (cm) 21.0 . Excitation Dist. (cm)
g \ 5 //
£o08 £o08
- | -
o o
< 0.6 0.6
(O] (0]
N N
© 0.4 ® 0.4
E £
50.2 502 /
S N = Y

0.0/ 0.0

900 950 1000 1050 1100 900 950 1000 1050 1100

Wavelength (nm)

Wavelength (nm)

Figure A.1. Additional 1D LSC spectral data. (a, b) PL spectra of Yb**:CsPbClz NCs with
(@) OD¢ ~ 0.75 mm™ at 375 nm and (b) OD; ~ 0.075 mm™ at 375 nm, suspended in hexane.
Spectra were collected at various excitation distances in the 120 cm 1D LSC. (c, d) Normalized
PL spectra of Yb3*:CsPbCls NCs with OD; ~ 0.075 mm™ at 375 nm suspended in (c) hexane and
(d) TCE, collected at different excitation distances in the 1D LSC. The insets show the color

coding with distance.
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Figure A.2. Absorption spectra of the Yb3*:CsPbCls nanocrystals used in the 1D LSC

experiment. The blue dashed trace corresponds to the triangles reported in Figure 2.2b, the blue

solid trace corresponds to the circles reported in Figure 2.2b, and the solid black trace

corresponds to the NCs in TCE shown in Figure 2.3.
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Figure A.4. 1D LSC model validation data. (a) Average distance to the edge of a 50 x 50 x 1
mm square from any point in the square. Averaging was performed over polar angles from 42° to
138° and over all azimuthal angles. (b) Reabsorption probability and 2D flux gain simulation of
an LSC containing Zno.g7Cdo.11Mno02Se/ZnS NCs obtained using the same methods developed

for the models presented in 0. Both curves are in good agreement with our previous report.?
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Figure A.5. Integrated PL intensity and reabsorption probability traces for various monolithic
LSC materials. Integrated normalized PL intensity of Yb3":CsPbCls NCs plotted as a function of
excitation distance in the 1D LSC for solutions in TCE with an OD; ~ 0.075 mm (black-brown).
The red trace shows the reabsorption probability as a function of excitation distance for the

CulnS2/ZnS NCs used in modeling, obtained from the absorption and PL spectra shown in

Figure 2.5h.
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Figure A.6. 2D LSC model comparison for different CulnS2-based materials. Absorption and
normalized PL spectra of high-quality CulnS2/ZnS NCs from literature® (blue traces) and of QD-
950 NCs from the Strem catalog” (red traces). PL data above 1100 nm were not provided in ref 4,
so the PL intensity below 1100 nm was extrapolated by plotting the PL on an energy x-axis and
fitting the available PL data to a gaussian curve. Data extrapolated from the gaussian fit is shown
as a dashed red curve. (b) Projected 2D flux gain of an Yb*":CsPb(Cl1-«Brx)s NC LSC (purple to
blue gradient), a QD-950 NC LSC with a PLQY of 91% (red), and the monolithic bilayer device
shown in Figure 2.5a (black to green gradient), using the QD-950 absorbance and PL intensity
data shown in panel (a). The absorption onset of the Yb**:CsPb(Cl1-xBrx)s NCs is varied linearly
from 412 to 488 nm for the three plotted traces.
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APPENDIX B. SUPPORTING INFORMATION FOR MODULAR
ZWITTERION-FUNCTIONALIZED
POLY(ISOPROPYL METHACRYLATE)
POLYMERS FOR HOSTING LUMINESCENT
LEAD-HALIDE PEROVSKITE
NANOCRYSTALS

Reproduced with permission from Cohen, T. A.; Huang, Y.; Bricker, N. A.; Juhl, C. S.; Milstein,
T. J.; MacKenzie, J. D.; Luscombe, C. K.; Gamelin, D. R. Chem. Mater. 2021, 33, 3779.
Copywrite 2021 American Chemical Society.

B.1 PHYSICAL MEASUREMENTS

Nanocrystal (NC) transmission electron microscopy (TEM) images were collected using
a FEI TECNAI F20 microscope operated at 200 kV. TEM samples were prepared by drop
casting NC suspensions onto carbon-coated copper grids obtained from TED Pella, Inc. Edge
length distribution data were collected with ImageJ and uncertainties associated with TEM size
distributions are reported as standard deviations. Powder X-ray diffraction (XRD) data were
collected using a Bruker D8 Discover diffractometer. Samples were prepared by drop-casting
NC suspensions onto monocrystalline silicon wafer substrates. Samples were then irradiated
using a high-efficiency IuS microfocus X-ray source for Cu Ka radiation (50 kV, 1 mA) to
obtain the reported data. Crystal structures were identified using reference patterns from the
Inorganic Crystal Structure Database. Samples for 'H-nuclear magnetic resonance (NMR)
measurements were prepared by dissolving zwitterionic polymers in ~0.5 mL acetone-ds or

methanol-ds. For the NC/ZP3 NMR sample, a NC/polymer composite was prepared according to
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the hexane precipitation procedure described in Section 3.3.4. Once prepared, the sample was
dried under vacuum to remove residual solvent and was dispersed in acetone-ds. Spectra were
collected with an AV-300 NMR system operating at a *H frequency of 300.13 MHz. Raw data

from the spectrometer were processed with the SpinWorks v4.2.8 software.

B.2 SPECTROSCOPIC MEASUREMENTS

Absorption spectra of solutions and solid samples were collected at room temperature
using Cary 60 and Cary 500 spectrometers, respectively. Photoluminescence (PL) spectra were
collected using a homebuilt setup with 365 nm diode excitation and an Ocean Optics 2000+ USB
photodetector. Spectra were calibrated with an Ocean Optics deuterium-tungsten halogen light
source. Time-resolved PL (TRPL) measurements were collected at room temperature using an
Edinburgh FLS1000 spectrometer and pulsed excitation was provided by a 405 nm Edinburgh
picosecond laser. Emission from the samples was collected through a monochromator-coupled
PMT detector. PLQY measurements in the visible regime were performed with a Hamamatsu
integrating sphere quantum-yield measurement system with 450-nm excitation. Solution-state
PLQYs were collected at various concentrations due to the dependence of PLQY on ligand
concentration.! These concentrations are summarized by an absorption percentage, which is
calculated by comparing the integrated excitation light intensity for a given NC concentration
with the integrated excitation light intensity for a blank cuvette filled with solvent. For as-
synthesized NCs and solvated NC/ZFP3 samples, Chapter 3 reports PLQYs of the highest and
lowest concentration samples, respectively. Yb®" PL was collected through an integrating sphere
using a monochromator coupled to a spectrally corrected nitrogen-cooled CCD. Relative PL
calibration was performed according to procedures described previously.? PL microscope images

were collected with a Nikon Eclipse LV150N digital microscope. A 450 nm excitation source
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was focused onto the sample with a 50x objective lens, and the resultant PL was imaged with a

CCD camera.

B.3 PL LIFETIME ANALYSIS

Raw PL decay curves were first normalized at their maxima and were then fit to the

following model:3*

I(t) = ZAie‘r% (B.1)
i=0

where I(t) is the number of photon counts as a function of pulse delay time, 4; is the amplitude
of a decay component with a lifetime of 7;, and n is the number of exponents used in the fit. The
data were fit using a custom Python scrip employing the SciPy software package. Once fit, the

average weighted lifetime was calculated using the following equation:>®

n 2
i=0 AT

(B.2)
im0 AiTi

Tavg =

B.4 STABILITY UNDER ILLUMINATION

NC stabilities under illumination were measured using a Chanzon, 50 W, 450 nm LED
light source attached to a heat sink and cooled with a 12V DC fan. The LED warmed up for 15
min before use and was separated from the sample by a large shutter to ensure that the entire
sample was uniformly illuminated. The LED power was adjusted to provide an irradiance of ~90
mW cm?, which was measured with a Coherent energy meter through a 1 mm diameter pinhole.
PL data for these stability measurements were collected using a fiber-coupled ASEQ instruments
LR1-T spectrometer. The spectrometer was operated in continuous mode with spectra collected

every 3 s for the first 20 min and every 5 min for the remainder of the experiment. Spectra were
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integrated from 525 to 550 nm and 600 to 800 nm for CsPbBrz and CsPblz NCs, respectively, to

determine PL intensity as a function of illumination time.

B.5 SUPPORTING FIGURES
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Figure B.1. NMR spectrum of ZFP3 in methanol-ds measured at room temperature.
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Figure B.2. NMR spectrum of ZP3 in methanol-ds measured at room temperature. The NMR
peaks used to calculate degree of polymerization (DP) and molecular weight (MW) are
highlighted.
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Figure B.3. NMR spectrum of ZFP4 in methanol-ds measured at room temperature. The
NMR peaks used to calculate degree of polymerization (DP) and molecular weight (MW) are
highlighted. This polymer was not used in this work because it was not soluble in ethyl or butyl

acetate.
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highlighted.
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Figure B.5. Initial characterization of perovskite NCs for zwitterionic polymer studies. (a)
Absorption and PL spectra of as-synthesized CsPbBrz and CsPblz NCs. Solution-state PLQY
values are provided in the legend. (b) Absorption spectra of CsPbBr3 NCs in the hexane
supernatant after purification of the NC/ZFP3 composite from ethyl acetate. When less ZFP3 is
used, a small amount of NCs are present in the supernatant, and the majority of the NCs
precipitate as a NC/ZFP3 composite. When more ZFP3 is used, almost all NCs are transferred

into the composite.
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Figure B.6. PLQY as a function of absorption percentage of as-synthesized CsPbBrz NCs in
hexanes and after transfer into a ZFP3 composite in butyl acetate at room temperature. As-
synthesized NC solutions needed to be stored in a No-filled glovebox, while NC/ZFP3 solutions
did not. Inset: Photograph of CsPbBrz NC/ZFP3 solution after 5 months of dark, ambient

storage.
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Figure B.7. Polymer dependent characterization of perovskite NCs. (a) Absorption and PL
spectra of CsPbBrz NC/PMMA composites. Aggregation was observed when the toluene
evaporated from a drop-cast solution of NCs and low-molecular-weight (MW) PMMA, but
aggregation was not observed when high-MW PMMA was used. (b) Absorption spectrum of a
representative high-concentration NC/ZFP3 composite and PL spectra of a representative
NC/ZFP3 composite drop cast from high- and low-concentration solutions of butyl acetate.

Reabsorption-induced red-shifts were observed for all samples analyzed in this work.
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Figure B.8. PL microscope and PL characterization of CsPbBrs NC/ZP3 composites. PL
microscope images of representative solid-state CsPbBrs NC/ZP3 composites after (a) dilution of
the original NC/ZP3 butyl acetate solution by a factor of 50, (b) centrifugation of the diluted
NC/ZP3 solution, and (c) filtering of the centrifuged, diluted NC/ZP3 solution through a 0.22 um
PTFE syringe filter prior to drop casting. The processes of centrifugation and filtering
successfully removed large aggregates from these composites. (d) Absorption and PL spectra of
a high-optical density CsPbBrz NC/ZP3 composite film plotted with the PL spectra of the three
low-optical density films shown in panels a-c. The slight blue shift observed after centrifugation
and filtration suggests that a small fraction of the PL redshifts observed in these samples can be
attributed to aggregation, but reabsorption is the main contributor to the observed PL redshifts

for high-optical density samples.
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Figure B.9. Additional TEM characterization of CsPbBrs NC/ZP3 composites. (a,b) TEM
images of CsPbBrz NCs drop cast from a butyl acetate solution of NC/ZP3 composite. These
images were used to acquire additional data for analysis of particle size distributions. (c)
Histogram of edge lengths from the TEM images shown in panels a,b and Figure 3.2c,d.
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Figure B.10. PL lifetime analysis of various CsPbBrs NC composites. (a) PL decay curves
measured in ambient conditions with 405 nm excitation for CsPbBr3 NCs in a PMMA and a ZP3
composite, normalized at t = 0. Gray dashed traces correspond to the result of biexponential and
triexponential decay fits for NCs in ZP3 and PMMA composites, respectively. (b) Log — log plot
of the PL decay data shown in panel (a). These data appear to follow a power-law relationship at
long times after the excitation pulse, suggesting the presence of delayed exciton luminescence

due to reversible trapping.* 6



Table B.2. Fitting parameters from fits to the PL lifetime data shown in Figure B.10a.

parameter| PMMA ZP3
T 6.3 ns 6.8 ns
%T, 421% | 70.9%
T, 23.7ns 31.1ns
%, 543% | 29.1%
T 111 ns
%T, 3.5%
T 39.3ns 22.7 ns
CsPbBr; NC/ZP3
3 + 9 months
<
L~ N A ) NC/ZP3
. NN W N N U N S -
’é NC/ZFP3 + 9 months
2 A
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l I I l.I 1 'S h 1 NC{ZFPB
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20(°)
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Figure B.11. XRD data for CsPbBrs NCs in ZFP3 and ZP3 composites collected after
preparation and after 9 months of dark storage. The additional peaks that appear in the NC/ZP3
data after 9 months index to the CsPhb2Brs crystal structure (PDF-254290, green bars) rather than
the CsPbBr3 crystal structure (PDF-97851, black bars). Despite the appearance of CsPb2Brs, the
PLQYs of the NCs in ZFP3 and ZP3 remained constant at 59 and 85%, respectively after 1 year

of dark storage.
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Figure B.12. Additional characterization from CsPbBrz NC irradiation stability
measurements. (a) PLQYs measured during illumination of the CsPbBrs NC/ZP3 and
NC/PMMA composites with and without EVA encapsulation from Figure 3.3d and of
unencapsulated, drop-cast films of NCs, plotted over the first half hour. Photobrightening is
observed in encapsulated samples over the first 40 min of irradiation. (b) PL maximum as a
function of illumination time for laminated and non-laminated samples from panel (a). There is
very little shift in the PL maxima in all cases. The PL maximum for the NCs in PMMA without

EVA encapsulation has been artificially shifted down by 5 nm for ease of viewing.
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Figure B.13. PL intensity of a CsPbBrs NC/ZP3 composite plotted as a function of
illumination time. The LED shutter was periodically opened and closed to demonstrate that the
PL intensities can fully recover after a short amount of dark recovery time but then decay again

with continued illumination.
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Figure B.14. XRD data for CsPblz NCs in their as-synthesized and NC/ZP4 composite forms.
XRD data were collected for the same NC/ZP4 composite following preparation and again after
8 months of dark storage. Both measurements show peaks that are consistent with the y-cubic
CsPbls phase. The FWHM of the peak at 28° increases by about 0.155° (from 0.742° to 0.897°)
upon formation of the NC/ZP4 composite, suggesting that the nanocrystals may be slightly
etched by the polymer transfer process. Neither the crystal structure nor the FWHM appears to
change substantially after 8 months of dark storage. The PLQY of the NC/ZP4 composite was
60% after 1 year of dark storage.
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Figure B.15. PL lifetime comparisons of CsPbls NC/polymer composites. PL decay curves
measured in ambient conditions with 405 nm excitation for CsPblz NCs in ZP4 and PMMA
composites shown in Figure 3.4, normalized at t = 0. Inset: PL decay curves plotted on a log

scale.
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Table B.3. Fitting parameters from various fits to the PL decay data shown in Figure B.15.

parameter| PMMA ZP4
T 12.5ns | 32.3ns
%, 298% | 100%
> 58.8 ns
%, 70.1%
avg 55.0 ns 32.3ns
100 100
b
80 80
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Figure B.16. Irradiation stability measurements of CsPbls NC/polymer composites. (a)
PLQY as a function of 450 nm, ambient irradiation time for CsPblz NC/ZP4 and NC/PMMA
composites with and without EVA encapsulation. The PLQY values measured before and after
dark storage are indicated as horizontal bars. Inset: Photographs of an EVA-laminated CsPbls
NC/ZP4 composite taken immediately after irradiation and after 2 months of dark storage under
ambient conditions. PLQY's are provided below each image. (b) PLQY as a function of 450 nm,
ambient irradiation time for NC/ZP4 and NC/PMMA composites with and without EVA, plotted
over the first 20 hrs of irradiation.

Figure B.16a,b show that the PLQY of the CsPblz NC/ZP4 composite is better preserved

under irradiation than the PLQY of the NC/PMMA composite. Furthermore, the PLQY of the
NC/ZP4 composite recovers to 67% of its original value after 14 days of dark storage, whereas
that of the NC/PMMA sample only recovers to 16% of its original value after dark storage. To
understand the role of air in the NC photodegradation, we also laminated CsPblz NC/ZP4 and
CsPbls NC/PMMA composites with EVA, and PL results from these laminated composites

under irradiation are included in Figure B.16a,b. The PLQY of the NC/ZP4 composite remains
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high (~80%) immediately following lamination, whereas that of the NC/PMMA composite drops

to only ~10% after lamination. Under illumination, the PLQY's of both composites are better
preserved when encapsulated in EVA, suggesting that exposure to a combination of air and light
is responsible for the decreases in PLQY observed here. The photographs in Figure S16a show
that the NCs at the edges of the EVA-laminated CsPbls NC/ZP4 composite degrade first,
confirming that water and/or oxygen diffuses inward from the edges of the laminated composite
to degrade the NCs while they are irradiated. A PLQY of 37% was measured 1 day after
irradiation. Interestingly, we found that even these edge NCs recover their luminescence,
returning the PLQY of the entire CsPbls NC/ZP4/EVA composite to 52% after 10 days of dark
storage and 67% after 50 days of dark storage. These results suggest that NC PLQY recovery
requires both dark storage time and air exposure. The CsPbls NC/PMMA/EVA composite
recovers some PLQY within the first few hours of irradiation and recovers its PLQY after dark

storage, but its absolute PLQY remains low.
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Figure B.17. Mixed iodide-bromide NC characterization. (a) Absorption and PL spectra of
CsPbls (black) and CsPbBrz (green) NCs in hexanes solutions. Aliquots of these solutions were
combined to yield mixed CsPb(Brixlx)s NCs (red). (b) PL spectra of the as-synthesized
CsPb(Brixlx)3 NCs and the same NCs in a ZP4 composite. Transfer into ZP4 was accompanied

by a 50 nm blue shift, but the PLQY remained high after nearly a month of dark storage.
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Table B.4. Summary of publications that report successful stabilization of CsPbls or

CsPb(Brixlx)s NCs in solid composites. The solid-state PLQYs of these composites are also

provided.
Used for
ref. Matrix description [CsPbls NCs| PLQY (%0)
(x=1)
Di Stasio et PbBr, treated, anion o 31
al.1° exchanged film y
Lietal.!! |silicamicrosphere bound no 35
Cai et al.’? |poly(2-ethyl-2-oxazoline) no 45
xuan et al 13 | Porous organic polymer yes 37
' network
Wei et al.}* | epoxy resin composite yes 17
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Figure B.18. Solvent stability assessment of ZFP3-stabilized NCs. Absorption spectra of
Yb3*:CsPbCls NC/ZFP3 composites suspended in methanol initially and after 24 hours of dark
ambient storage. The NCs degraded in the presence of methanol. No comparable degradation is

observed when butyl acetate is used as the solvent instead of methanol.
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APPENDIX C. SUPPORTING INFORMATION FOR DIRECT
PATTERNING OF PEROVSKITE
NANOCRYSTALS ON NANOPHOTONIC
CAVITIES WITH ELECTROHYDRODYNAMIC
INKJET PRINTING

Reproduced with permission from Cohen, T. A; Sharp, D; Kluherz, K. T; Chen, Y; Munley, C;
Anderson, R. T; Swanson, C. S; De Yoreo, J. J; Luscombe, C. K; Majumdar, A; Gamelin, D. R;

MacKenzie, J. D. Nano Letters 2022, Submitted.

C.1 SPECTROSCOPIC MEASUREMENTS

All measurements were collected at room temperature in ambient conditions, unless
otherwise noted. Solution-state nanocrystal (NC) absorption spectra were collected from dilute
hexanes NC suspensions using a Cary 60 spectrometer. NC concentrations were determined from
absorption spectra using previously published NC extinction coefficients.> Solution-state
photoluminescence (PL) measurements were performed with a homebuilt setup using filtered
365 nm excitation and an Ocean Optics 2000+ USB photodetector calibrated with an Ocean
Optics deuterium-tungsten halogen light source. Drop cast NC PL spectra were collected with an
Edinburgh FLS1000 fluorimeter. Samples were prepared by casting and drying 50 uL of purified
NC solution in hexanes onto a cleaned monocrystalline silicon substrate in a N> filled glovebox.
Spectra were collected with 420 nm excitation generated by a monochromator-coupled xenon
lamp, and the resultant PL was collected with a monochromator-coupled PMT. PL quantum
yields were collected with a Hamamatsu integrating sphere measurement system with 450 nm

excitation generated by a monochromator-coupled xenon lamp. PL and dark-field microscope
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images were acquired with a Nikon Eclipse LV150N digital microscope. A 450 nm or broadband
excitation source was focused onto the sample for PL or dark-field imaging, respectively, and the

resulting images were collected through long-pass filters with a CCD camera.

C.2 PHYSICAL MEASUREMENTS

Powder X-ray diffraction (XRD) data were collected with a Bruker D8 Discover
diffractometer. NCs in hexanes were drop cast and dried on a monocrystalline silicon substrate.
Samples were irradiated with a high-efficiency IS microfocus X-ray source for Cu Ka radiation
(50 kV, 1 mA) and the diffracted X-rays were collected with a Pilatus 100K large-area 2D
detector. The resultant 2D diffraction patterns were radially integrated and the backgrounds
subtracted to obtain the reported data. Crystal structures were identified according to reference
patterns in the Inorganic Crystal Structure Database. Atomic force microscopy (AFM) images
were collected with a Bruker Icon AFM operated in tapping mode with an OTESPA-R3 probe.
Images were processed and line profiles were extracted using the NanoScopic Analysis software.
Optical Profilometry images were collected with an Olympus OLS4100 optical profilometer with
a 100x objective lens. Height profiles from images at scratched PMMA edges were used to

determine the PMMA layer thickness.

C.3 TEM IMAGE COLLECTION AND ANALYSIS

NC scanning transmission electron microscope (STEM) images were obtained using an
FEI TECNAI G2 F20 SuperTwin microscope operated at 200 kV. A C2 aperture size of 70 pm
was used to reduce the electron dose. Non-printed samples for TEM were prepared by drop
casting NCs onto UC-A 400 mesh Cu grids from Ted Pella, Inc. The sample grids were then

dried under vacuum overnight. For imaging printed nanocrystals, SisNs4 Membrane Window
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TEM grids (Ted Pella, 21569-10) were coated with an 11 nm carbon layer using a Leica

ACEG600 coater. The resulting TEM grids were then placed on top of a secondary silicon
substrate that was mounted on the printer bed. Several 100 x 100 um? NC print patterns with 5
pum drop spacing were printed onto the SisNs window according to the procedures described in
the main text. Approximately 1300 individual NCs per sample were sized from STEM images
using ImageJ’s Analyze Particles tool with a threshold corrected image to obtain the mean NC
sizes reported here. Image thresholding was manually checked before applying the particle
counting tool.

Electron diffraction patterns were integrated using the Radial Integration Package in
Imagel. A baseline was subtracted from this integrated trace prior to plotting in the main text.
XRD data from non-printed NCs and the XRD reference pattern were converted to g space using

the following equation:

2A

ACu ka

qxrD = sin Oxpp (C.1)

where A is a constant chosen to align the XRD pattern with the electron diffraction

pattern.

C.4 SizNs NANOBEAM CAVITY DESIGN, FABRICATION, AND CHARACTERIZATION

Nanobeam cavities were designed and fabricated according to the methods reported
previously.? The SisN4 nanobeam cavity design used here consists of 20 tapered elliptical holes
with a period of 157 nm and major and minor diameters of 202 nm and 100 nm, respectively, to
form a Bragg region on both sides of the nanobeam. The period and major axis of 10 holes from
each side are linearly tapered to the center of the nanobeam, with the innermost elliptical holes

having a minimum period and major diameter of 146 nm and 150.4 nm, respectively, with an
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edge-to-edge gap of the two innermost holes of 78.3 nm. The nanobeam is 220 nm thick and 450
nm wide. This design generates a fundamental mode at ~520 nm, where CsPbBr3 NCs exhibit
the highest PL intensity. This cavity mode has a theoretical Q-factor of ~9,000 and a mode
volume of 3(1/n)3, where 1 is the fundamental cavity mode and n is the cavity cladding
refractive index (~1.5 for PMMA and SiO>).

Cavity-coupled PL was measured with a confocal microscopy set-up. A 405 nm
continuous-wave laser (Thorlabs CPS405) was focused on the center of the nanobeam cavity
(red circle in Figure 4a) using a 40x (NA 0.6) objective lens to excite the ~517 nm PL. A 450 nm
long pass filter was used to filter the pump laser, and a pinhole was used to spatially select the
PL from the grating coupler. The PL was detected using a Princeton Instruments Isoplane 160

spectrometer with a 600 lines/mm grating coupled to a Pixis 400 CCD.
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C.5 SUPPORTING FIGURES
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Figure C.1. Optical and structural characterization of as-prepared NCs. (a) Solution-state
absorption and PL spectra of CsPbBrz NCs. Solutions were made from a 3000x dilution of the

NC ink in hexanes. (b,c) TEM images of CsPbBrs NCs drop cast from hexanes solvent. NC size

distributions were obtained from the image in panel c.
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Figure C.2. EHD inkjet printing continuous and ‘bump’ mode comparison. PL microscope
images of EHD inkjet-printed NCs printed in (a) continuous print mode and (b) ‘bump’ mode.

Continuous print mode creates droplets that are spaced by a constant distance, whereas ‘bump’

mode produces droplets that are spaced by a predefined distance.
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Figure C.3. Parameter optimization for high precision printing. PL microscope images of

EHD inkjet-printed NCs spaced by 20 um and printed with print hold times of (a,b) 40 ms and
(c,d) 70 ms. Low print hold times ensure that fewer off-target droplets are printed, but high print
hold times ensure that each on-target print location has a droplet of printed NCs with nearly
100% fidelity. This tradeoff was considered and accounted for in the print patterns presented in
Chapter 4.
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Figure C.4. PL characterization of NCs printed at high voltages. Ensemble PL spectra of
CsPbBr3 NCs drop cast from hexanes and EHD inkjet printed at high voltages (750 — 1250 V). A

clear blue-shift in the PL maximum is noted when such high voltages are used to drive printing.
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Figure C.5. Large-area AFM characterization. (a) Zoomed out AFM image from the print
shown in Figure 4.2d of the main text. (b) Height profiles from off-target droplets in the AFM

image line traces shown in panel a. These droplets have diameters as small as 300 nm.



Figure C.6. TEM characterization. (a-c) Additional TEM images of EHD inkjet-printed
CsPbBr3 NCs. A ‘coffee ring’ drop shape is visible in panel a,c due to the difference in surface
energy between the carbon coated TEM grids used here and the fluorinated SAM coated silicon
substrates used elsewhere. Statistics for NC edge length distributions were collected from the

image shown in panel b.

a

Figure C.7. Demonstration of the EHD printing alignment process. (a) Drawing of the
alignment marks present at the edges of the nanobeam cavity device substrate. These alignment
marks are placed a set distance from the nanobeam cavities, and this distance was used to
develop a print pattern to place NCs on the centers of each cavity. (b) Alignment camera image
of the alignment mark shown in panel a. These marks were used to calibrate the alignment
camera location with the substrate. (c) PL microscope image of an alignment mark printed with
CsPbBr3 NCs. This alignment mark was located with the alignment camera and was used to

calibrate the alignment camera location with the location of the nozzle.



161

Figure C.8. PMMA coating characterization. (a) Confocal microscope image of an EHD
inkjet print substrate after coating with PMMA. A scratch was made in the PMMA film, and
height profiles taken along that scratch yield a PMMA layer thickness of ~200 nm. (d) PL
microscope image of an EHD inkjet-printed NC pattern after coating with PMMA and annealing
at 70 °C for 10 min. The original print pattern size and feature spacings are largely unchanged
after PMMA coating.

Figure C.9. Additional nanobeam cavity microscope images. (a) Dark field microscope
image of the EHD inkjet-printed NC nanobeam cavity substrate shown in Figure 4.4a of the main
text. (b-c) Additional PL microscope images of the nanobeam cavities shown in Figure 4.4b of

the main text, imaged with different exposure times.
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