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Abstract

Semiconductors are ubiquitous in modern life, existing as transistors in electronics, light
emitting diodes in visual displays, and solar cells on houses and company rooftops. Scientists
continue to push the limits of material properties to ameliorate the most technologically
challenging problems facing humanity, such as climate change, the breakdown of Moore’s law,
and the continued need for affordable, widely-available technology for our expanding population.
At the heart of semiconductor technology is the necessity to deeply understand and control
material-dependent structure-property relationships. However, single-component materials can
have trade-offs or intrinsic limitations that hinder further advancement. But with a plethora of
semiconductors available, increasingly-clever design of multi-component, hybrid materials with
complementary properties have proven instrumental in overcoming intrinsic limitations of single-
phase materials.

In this work, we utilize organic semiconductors, three-dimensional perovskites, two-
dimensional perovskites, and quantum dots to exploit their unique properties to enhance structure-
property relationships. In this work, we first combine organic semiconductors with two-
dimensional perovskites, and second, we incorporate quantum dot dopants in three-dimensional
perovskites. In the first pairing, we leveraged the structural tunability of two-dimensional
perovskites to finely control the crystal structure of a small molecule organic semiconductor, 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene), whose propensity to adopt multiple
molecular packing motifs with highly-contrasting optoelectronic properties has been an ongoing
challenge. Next, we studied singlet fission, an exciton multiplication process with applications in
organic photovoltaics, of the perovskite-templated TIPS-pentacene structures to show that a key

exciton separation process is enhanced by a factor greater than two when molecular packing



structural disorder is reduced. Finally, modeling of TIPS-pentacene/perovskite interfacial
structures revealed that perovskite surfaces allow for closer packing of TIPS-pentacene molecules.
In the second pairing, we doped three-dimensional perovskite with lead sulfide quantum dots to
utilize the outstanding charge carrier mobility of three-dimensional perovskites with the quantum-
confined, narrow band emission of the quantum dots for its application as scintillation X-ray
detectors. We show that the light yield, a key performance metric for scintillators, of quantum-dot-
doped perovskites is substantially improved compared to that reported for single-phase
perovskites. These works motivate the interface engineering of hybrid semiconductor material

systems to control structural-optoelectronic properties.
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Chapter 1: Introduction to Semiconductor Materials

1.1 Introduction to Organic Semiconductors

1.1.1 Small molecule organic semiconductors
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Figure 1.1. Examples of small molecule organic semiconductors. (a) TIPS-pentacene (b) Rubrene (c)
TPBi: 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (d) pentacene (¢) TCNQ: 7,7,8,8-
Tetracyanoquinodimethane (f) Ceo: (C60-1h)[5,6]fullerene.

A collective interest across disciplines for the use of organic semiconductors in electronic
and optoelectronic devices began in the 1990s.1 Pentacene, Ceo, rubrene, and other benchmark
OSCs have charge transport capabilities competitive with amorphous and polycrystalline
silicon?*® while also allowing for the possibility for mechanically flexible and lightweight
devices. Popular and high-performing acene-based and oligomer small molecule (SMol) organic
semiconductors (OSCs) are shown in Fig. 1.1. Charge carriers hop from molecule-to-molecule
through n-conjugated systems and n-7 stacking. Many OSCs are solution processible, which means
that they can be fabricated continuously on manufacturing scales through roll-to-roll thin film
fabrication methods. Solution-processable OSCs, such as 6,13-bis(triisopropylsilylethynyl)

pentacene (TIPS-pentacene), are desirable because thin films are deposited from solution at low

1|Page



temperatures. Solution-processable OSCs are recognized in academia and industry as particularly
valuable for their ability to be used for high-throughput, large-area fabrication, and thus
inexpensive mass production.’® Using solution processing methods, lightweight, flexible
optoelectronic devices such as display technologies, wearable electronics, and bioelectronics can

be realized.!12

1.1.2 Applications of organic semiconductors

Organic semiconductors have been widely studied for their use in electronic and
optoelectronic devices such as organic light emitting diodes, field effect transistors, and solar
cells.!13-25 Organic semiconductors are advantageous over conventional silicon-based devices in

applications that require mechanical flexibility and/or large area devices.?® Organic semiconductor

Organic Semiconductors

Solution processable Mechanically flexible

¥

Flexible, wearable
electronics

Figure 1.2. Schematic of the two main beneficial properties of organic semiconductors, solution

processibility and mechanical flexibility, with examples of device applications. [ref. 19-25].

2|Page



materials entered the industrial markets with the first OLED TV from Sony in 2004,%” with OFETs
being employed in flexible OLED screen displays®® and the creation of organic solar cells with
efficiencies rivaling amorphous silicon solar cells.?® Unlike conventional silicon solar cells,
commercialized organic solar cells are adaptable to numerous surfaces and can be created in a
variety of shapes for pragmatic or recreational purposes such as windows or artistic solar trees in
2015 from OPVIUS.? Even with the commercialization of organic semiconductor materials,
companies and countries around the world continue to push the limits of these technologies in
terms of efficiency and performance; according to a research report in April 2020 from the
Advance Market Analytics of the Global Organic Solar Cells Market, the market is predicted to
double in size due to the benefits of organic solar cells and the shift in demand towards clean

energy.*°

1.1.3 Charge transport mechanism

Charge transport occurs via intermolecular interactions via out-of-plane p-orbital
overlapping, called n-x stacking, with neighboring molecules. Face-to-face stacking occurs when
there is direct n-x stacking, as shown in Fig. 1.3a. However, r-x stacking can still occur with slight
intermolecular offsetting, which is referred to as slip-stacking and is shown in Fig. 1.3b. In the
solid state, these molecules are organized in 3D space in a crystalline structure. Depending on the
long-range molecular ordering, different n-n stacking configurations are possible. Three example
configurations for an acene-based molecule composed of more than one ring is shown in Fig. 1.3c-
e. Face-to-edge stacking results in minimal p-orbital overlap, and thus charge transport is severely
hindered. In a lamellar stacking configuration, molecules exhibit face-to-face n-stacking which

results in one-dimensional charge transport. Finally, a brick-wall stacking configuration which
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includes a convolution of face-to-face and slipped n-stacking allows for two-dimensional

transport.

1.1.4 Challenges

As with all materials, small molecule organic semiconductors come with their own inherent
limitations and challenges. Organic semiconductor molecules organize in the solid state according
to weak Van der Waals forces rather than a more stronger bonding motif such as covalent bonding.
A direct consequence of this weak bonding is that many SMol-OSCs adopt multiple molecular
packing motifs, known as polymorphs, which are similar in energy but differ in their charge
transport capabilities by orders of magnitude.®:3 To further add complexity to these systems, the

molecular packing and macroscopic properties of the final solid-state film is acutely sensitive to

a é g
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n-stacking ;é g ni-stacking @
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Face-to-edge stacking Lamellar stacking Brick-wall stacking
minimal charge transport 1D charge transport 2D transport

Figure 1.3. Schematic of out-of-plane p-orbital overlapping with a) face-to-face and b) slipped stacking.
The depictions of different molecular packing motifs with c) face-to-edge, d) lamellar, and e) brick-wall

stacking and their respective directional charge transport.
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the deposition method, solvent, concentration, substrate roughness, substrate functionalization,
temperature, and other processing parameters.®231%-4 Depending on the stability of the
deposited molecular packing structure, this molecular packing may change over time or with
changing temperature if a more thermodynamically stable structure is available. Polymorphism
may be viewed as an inherent disadvantage yet can also be another handle of manipulation for the
optimization of devices. In both respects, controlling the polymorphism of organic semiconductors

is essential to achieving consistent, reliable performances.

1.2 Introduction to Lead Halide Perovskites
1.2.1 Three-dimensional (3D) perovskites
Lead halide perovskites are a class of

Q Cs*, MA*, FA*

o ro>

materials with the general formula ABXs,
where A is a small organic cation, B is

divalent metal, and X is a halide. Perovskites
© CI,Br,I

are of great interest in the research

community due to their exceptional ) . )
y P Figure 1.4. Crystal structure of three-dimensional

optoelectronic properties with applications in  perovskites composed of a monovalent cation such

] o as cesium (Cs*), methylammonium (MA"), or
solar cells, photodetectors, light emitting o )
formamidinium (FA"), a divalent metal such as lead

diodes, scintillators, and more.*** The (Pb**), and a halide anion, such as chlorine (CI),
. ] bromine (Br), or iodine (I°).

bandgap and optical properties of (Br) M
perovskites can be tuned via changes to its composition.>*® Perovskites exhibit excellent light

absorption whereby all visible light is absorbed within a few hundred nanometers of material.>*

Perovskites were discovered to be defect tolerant, meaning that charge carriers exhibit long
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lifetimes and diffusion lengths even in polycrystalline thin films.>® These materials have an added
benefit in that they are solution processable at room temperature, allowing for inexpensive
fabrication on the order of minutes with the possibility of large area devices.®® Since the first
perovskite solar cell was made in 2009 with an efficiency of less than 4%,°” perovskite solar cell
efficiencies reached more than 25% after only a decade of intense research,>®! making perovskite
solar cell technology directly competitive with single crystalline solar cell technology which has
been studied for more than 60 years. Perovskites captured the attention of researchers around the
world due to these desirable properties and high solar cell efficiencies using devices that are a

fraction of the thickness of conventional silicon solar cells.

1.2.2 Two-dimensional (2D) perovskites
The dimensionality of perovskites (i.e. 3D or 2D) can be altered by incorporating a large
organic cation and adjusting the stoichiometry of the perovskite precursors in solution; the result

is a layered structure with a number (n) of two-dimensional sheets of inorganic corner-sharing

1]
=

n=2 n=3

n

Figure 1.5. The layering structure of two-dimensional perovskites with n=1, n=2, and n=3 layers.

Octahedra sheets are broken up with bulky organic cations.
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octahedra separated by bulky organic cations. The structures of one-layer (n = 1), two-layer (n=2),
and three-layer (n=3) two-dimensional perovskites is shown in Fig. 1.5.

While 3D perovskites have excellent charge transport mobilities and solar cell
performance, 2D perovskites have lower charge carrier mobilities and efficiencies but have
substantially enhanced stability.%2®® The bulky organic cation incorporation provides a stable
structure with resistance against moisture and light degradation. As a result, 2D perovskite solar
cells have lower solar cell efficiencies but provide stable power conversion efficiencies over
time.®® Recently in 2021, Shi et al used 2D perovskites as a hydrophobic capping layer in a 3D
perovskite solar cell and achieved high efficiency of 21.4%, which retained 83% of its value under
conditions of 1 sun illumination, elevated temperature, and 80 percent relative humidity after 600
hours.®* Just the next year, a method was developed for room temperature epitaxial welding of 3D
and 2D perovskites,®® sparking more interest in combining the complementary properties of the

two perovskite materials.

1.3 Introduction to quantum dots

1.3.1 What is a quantum dot?

Quantum dots are nanomaterials whose physical size
dimensions are of the scale 10° meters (i.e. nanometer).
Semiconductors are generally characterized by an energetic

bandgap arising from its composition and solid-state

structure. When a semiconductor is excited by light, a

coulombically-bound electron-hole pair is formed. Due to Figure 1.6. Depiction of a lead

electrostatic attraction between the negatively-charged sulfide quantum dot that is capped

. ) with long chain ligands.
electron and positively-charged hole, they orbit around one
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another within a certain diameter, called the Bohr radius, which is material-dependent. However,
when the physical dimensions of the material are reduced to less than this Bohr radius, as is the
case for quantum dots, semiconductor properties begin to differ from those of the bulk phase or
large particles.®® Fig. 1.6 depicts a quantum dot with a lead sulfide core that is capped with long
chain ligands. Dimensions of the quantum dot core are typically two to ten nanometers, which is
approximately ten to fifty atoms. The electrons become confined to a small physical space,
resulting in interesting and strange behavior leading to unexpected effects with respect to their

optoelectronic properties.5®

1.3.2 Relationship between quantum dot size, bandgap, and emission

One such property is the relationship between quantum dot size and bandgap. As the
electron is confined to a small nanoparticle, the electron adopts a quantum wave function that fits
within the borders of the nanoparticle volume, resulting in the formation of quantized energy
levels.®67 As the size of the nanoparticle decreases, the lowest energy for excitation of the electron
increases. As a result, the absorption of the quantum dots and emission wavelength via radiative
relaxation of the electron to the ground state is dependent on the quantum dot size. The relationship
between quantum dot size, bandgap (Eg), and the emission wavelength is shown in Fig. 1.7. As
the quantum dot size increases, the bandgap decreases until the quantum dot no longer exhibits
quantum confinement and approaches the bandgap of the bulk semiconductor material. The
emission wavelength of the quantum dot red-shifts with increasing quantum dot size, and thus
guantum dots are materials with tunable emission. Because the electron-hole pair is confined to

the quantum dot core, high luminescence efficiencies have been observed with narrow emission

8|Page



linewidths for monodisperse quantum dot populations with finely-controlled size distribution.®
Once the quantum dots are formed, they can be self-assembled into three-dimensional superlattices
to further manipulate material properties.®® Quantum dots have been employed in a variety of

devices, such as lasers, solar cells, transistors, and light emitting diodes.”®"*

*
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Figure 1.7. Schematic showing the relationship between the lead sulfide quantum dot size,
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bandgap (Eg), and the emission wavelength.

1.4 Combining different classes of semiconductors to alter material properties
1.4.1 The usefulness of designing hybrid materials

As discussed above, it is clear that single phase materials of organic semiconductors, three-
dimensional perovskites, two-dimensional perovskites, and quantum dots all have unique
structure-property relationships. Organic semiconductor properties are affected by structural

variations that may be introduced during fabrication or arising from processing conditions.
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Perovskite optical properties are more acutely sensitive to the composition itself, such as which or
what blend of halides are incorporated in the structure or the choice or blend of organic cations.
When the dimensionality of perovskites is reduced to a 2D structure, quantum confinement of the
electron-hole pair further alters the optoelectronic properties. For quantum dots, the optical
properties can be tuned based on the size of the semiconductor core and surface termination.

The focus of this works is not to optimize properties of each of these materials; rather, we
aim to combine different materials to take advantage of intrinsic properties of each or to use one
material to alter the properties of another. The careful design of hybrid materials with
complementary properties has proven instrumental in overcoming shortcomings of single-phase
materials. Quantum dots have been combined with perovskite materials to capitalize on charge
mobilities of perovskites with the narrow, quantum-confined emission of quantum dots.”™ These
perovskite-quantum dot material systems have been applied to infrared emitters’® and solar
cells.”*"" The charge carrier ability of quantum dots is seriously hindered when capped with
saturated carbon-based long chain ligands, such as lead oleate, and so researchers formulated
methods to cap the quantum dot with perovskites, which increases the charge transport mobilities
and allows for the application of quantum dots in solar cells.”® Perovskites have also been used as
capping agents for quantum dots to increase their stability in solution and ambient conditions so
that the quantum dots can be stored as inks for more than 20 months and still be used in
optoelectronic devices.” Perovskite materials have been fabricated into quantum dots
themselves.8%8! Even more striking, small molecule organic semiconductors have been covalently
bound to perovskite quantum dots to pass charge carriers from the perovskite to the organic

semiconductor to undergo singlet fission, an exciton multiplication process.®? The combination of
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complex material systems provides endless opportunities to optimize, manipulate, overcome, and

extrapolate semiconductor material properties.

1.4.2 Dissertation Overview

In this piece, we combine organic semiconductors with two-dimensional perovskites, and
then three-dimensional perovskites with atomic and quantum dot dopants. In the first pairing, we
demonstrate that the structural tunability of two-dimensional perovskites can be used to finely
control the crystal structure of a small molecule organic semiconductor that is well-known for its
many potential structures. We proceed to show that a key singlet fission process of the perovskite-
templated organic semiconductor structures is enhanced when the overall crystalline disorder is
reduced. In the next project, we dope three-dimensional perovskite with a rare-Earth metal and
show that the light emission produced from X-ray excitation of the polycrystalline composite
material is competitive with conventional materials without the need for single crystal processing
methods. Lastly, we doped three-dimensional perovskites with quantum dots to utilize the
outstanding charge carrier mobility of perovskite with the quantum-confined, narrow band
emission of quantum dots to show that light emission produced from X-ray excitation is greatly

enhanced compared to that reported for single-phase perovskites.
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Chapter 2: Controlling the crystal structure of an organic semiconductor, TIPS-
pentacene, using tunable, crystalline two-dimensional perovskite interfaces
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This chapter is in preparation for a manuscript submission.

2.1 Abstract

Organic semiconductors are becoming increasingly competitive with conventional amorphous
silicon due to their solution processability at room temperature, which allows for inexpensive,
high-throughput fabrication of lightweight, flexible devices. An inherent disadvantage of organic
semiconductors is their propensity to adopt multiple molecular packing motifs which yield highly-
contrasting charge transport and optoelectronic properties. Also affected is singlet fission, an
exciton multiplication process, that has the potential to break the Shockley-Queisser limit with
profound implications for next generation solar cells. Six interface-stabilized molecular packing
structures of TIPS-pentacene, an organic semiconductor, were isolated via solution deposition and
subsequent thin film relaxation on two-dimensional lead halide perovskites, which act as highly-
ordered self-assembled monolayers with tunable ligand density and modifiable ligands. Using
grazing incidence X-ray diffraction, distinct crystal structures with incremental changes in the
(101) plane spacing were revealed, spanning an astonishingly small range of 0.12 Angstroms. We
show that using ordered interfaces, phase purity is greatly enhanced. This work motivates using a
plethora of combinations of two-dimensional perovskite structures and organic small molecules to

control structural-optoelectronic properties using interface engineering.
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2.2 Introduction

Controlling structure-property relationships of organic semiconductors (OSCs) s is vital
for their commercialization in organic light emitting diodes, organic field effect transistors, and
organic solar cells. Small molecule OSCs often adopt multiple molecular packing motifs and
varying morphologies which are difficult to control and have extensive effects on solid-state
properties (electronic, thermodynamic, mechanical, and kinetic).3 As a result, molecular packing
crystal structure directly impacts device performance. Minute changes in molecular packing can
affect the m-orbital overlap between molecules, which can result in alterations of optical properties
and orders of magnitude changes in electronic transport properties.*® One such property is singlet
fission, an exciton multiplication process that occurs via interactions arising from z-orbital
overlap. Singlet fission has been observed in multiple prominent OSC molecules and can be highly
sensitive to molecular packing..® For some molecules, external quantum efficiencies have
surpassed 100% in singlet fission-based tandem solar cells by alleviating thermalization losses,
providing an opportunity to exceed the Shockley-Queisser limit of single-junction solar cells.1* 3
Molecular packing and morphological changes to an organic crystal have been shown to alter
singlet fission rates, triplet exciton transport, and triplet state lifetimes, and therefore control of
these crystalline properties are necessary for control of singlet fission properties.®415

It is difficult to control the molecular packing of organic molecular crystals, as these crystal
structures form through nonselective Van der Waals forces and electrostatic interactions, and the
resulting structures are often similar in energy. Unsurprisingly, molecular packing is acutely
sensitive to parameters such as deposition method, temperature, solvent, substrate, self-assembled
monolayers, speed of deposition, and postdeposition processing. For example, thermodynamically

stable, metastable, and strain-stabilized structures of the prototypical organic semiconductor 6,13-
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bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) as well as other small molecules have
been isolated using a wide range of solution deposition techniques such as solution shearing,*6-°
spin coating,?® and capillary pen writing deposition.?! These structures have exhibited varying
electronic and optical properties. Metastable crystal packing structures can offer enhanced
properties, but ultimately suffer from a lack of stability whereby over time, conversion to a
thermodynamically stable structure occurs. Interestingly, Diao, et al. isolated the five most
commonly referenced molecular packing structures of TIPS-pentacene, yet also computationally
found a relatively flat energetic landscape for the crystal structures and discovered numerous other
potential energy minima, akin to metabasins, corresponding to other structures not yet observed
experimentally.® Given all these complications, controlling the molecular packing of organic
semiconductors is a multifaceted problem facing the field of crystal engineering, and new methods
to control crystallization would be beneficial to the field.

Substrate functionalization using self-assembled monolayers (SAMs) has been used to
control molecular orientation, morphology, crystallization kinetics, and crystal grain size.?>2*
Using SAMs, charge transport mobilities of polycrystalline OSCs rivaling that of their single
crystal counterparts have been achieved,?>?5-?" highlighting the utility of interface engineering in
enhancing solid-state properties. Further, pentacene and Ceo thin films grown on more-ordered (i.e.
higher density) octadecylsilane SAMs exhibited higher mobilities, by factors of 3 and 8,
respectively, than those on disordered (i.e. lower density) SAMs.?” However, tunability of SAM
ligand density is limited due to an inherent lack of long-range ordering arising from non-specific

reaction sites when SAM molecules attach to silicon surfaces, restricting their use to systematically

control molecular packing.
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In this work, we demonstrate precise control over the molecular packing of TIPS-pentacene
and isolate six phase-pure structures using crystalline interfaces. While perovskites are a class of
materials of great scientific significance,?®2 we exploit their structural tunability as surfaces for
OSC crystallization. To overcome ligand density limitations of traditional SAMs, we use one-layer
two-dimensional (2D) lead halide perovskites (Fig. 2.1a) whose composition can be altered to

modify the ligand molecule and ligand density by up to 30 percent.
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Figure 2.1. Bilayer thin films of TIPS-pentacene and 2D perovskite. a) Schematic of one-layer two-
dimensional perovskite and TIPS-pentacene interface. b) Depiction of the TIPS-pentacene molecular offset
of pentacene backbones as viewed down the a-axis crystallographic direction. ¢) Schematic n-n stacking
distances between TIPS-pentacene molecules (black arrows). Variations in (101) plane spacing will result in
changes in both the n-stacking and molecular offset, which dictate overall intermolecular interactions. d) The
ligand-terminated perovskite surface of PEA,PbCI, in the a-b plane showing the number of ligands per a-b
area. e) Calculated ligand densities of perovskites with varying ligand and halide composition and their

respective relative changes in ligand density.
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2.3 Organic semiconductor-perovskite thin film fabrication and characterization
2.3.1 Fabrication of bilayer thin films

The bilayer thin film fabrication scheme can be found in Fig. 2.2. 2D perovskite thin films
were fabricated using dynamic spin coating from a perovskite precursor solution followed by
thermal annealing at 100" C. TIPS-pentacene thin films were deposited directly onto perovskite
surfaces using a solution deposition technique known as solution shearing.*®3* Though a wide
range of crystal morphologies and molecular packings, both metastable and thermodynamically
stable, have been obtained by varying solution shearing deposition parameters,”*835 solution
shearing deposition conditions were held constant in this study while varying only the 2D lead
halide perovskite interfaces. TIPS-pentacene/perovskite thin films were solvent vapor annealed in
toluene to alleviate strain and relax TIPS-pentacene thin films to their thermodynamically stable

structures, as previously executed.'’

2.3.2 Using 2D perovskites as crystalline, tunable templates for crystallization
By selecting perovskites with one-layer dimensionality, perovskite thin films preferentially
crystallize in horizontal orientation with periodic ligand termination on the thin film surface.

Horizontal orientation (parallel to the substrate) of the lead-halide octahedra sheets was confirmed

Step 1 Step 2 Step 3

Shear Direction

Spincoat perovskite + Thermal anneal Solution shear Solvent vapor anneal

Figure 2.2. Solution processing diagram of TIPS-pentacene/perovskite bilayer thin films.
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by fitting diffraction peaks with published unit cell parameters for each perovskite (Fig. 2.3). The
surface chemistry of 2D perovskites was altered in two ways: changing the halide composition
tuned ligand density from 0.025 to 0.033 A (32 percent relative increase) (Fig. 2.1d-e), and
altering the cation precursors changed the organic ligand terminating the surface. Ligand density
was calculated using published unit cell parameters (Table 2.1). Utilizing a perovskite composition
with chlorine and iodine results in higher and lower ligand density, respectively. We used
phenylmethylammonium (PMA) and phenylethylammonium (PEA) ligands to modify surface
chemistry. PEA forms a long-range m-stacking network while PMA ligands are more isolated,

resulting in different ligand orientations and leading us to expect changes in surface energies.>®%

2D perovskite a-b surface Ligands per a-b Ligand density Area per ligand
area (A?) surface area (ligand/A?) (A?/ligand)
$’PMAPhCl, 60.43 2 0.0331 30.22
¥PEA,PLCI, 125.04 4 0.0320 31.26
*¥PMA;PbBIr, 66.17 2 0.0302 33.09
$PEA;PbBr, 135.05 4 0.0296 33.76
“PMAPbI, 78.66 2 0.0254 39.33
¥PEA,PDI, 76.38 2 0.0262 38.19

Supplementary Table 2.1. Calculated ligand densities for 2D perovskites using structures with lattice

parameters as previously characterized in the literature.

In order to use 2D perovskites as templates for organic semiconductor crystallization, their
stability against toluene solvent exposure in the form of solution shearing directly on the surface
followed by solvent vapor exposure during solvent vapor annealing was studied. Diffraction
patterns for the perovskite thin films before TIPS-pentacene thin film deposition, after TIPS-

pentacene deposition from a toluene solution, and after solvent vapor annealing in toluene for one
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hour are shown in Fig. 2.4. Absorbance spectra before after toluene exposure is shown in Fig. 2.5.
Diffraction patterns show strong diffraction peaks for 2D perovskites at each processing step and
the strong characteristic absorption was preserved, indicating that no structural changes occurred,
orientation was unchanged, and high crystallinity was retained after the solution deposition of

TIPS-pentacene and solvent vapor annealing.
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Figure 2.3. Diffraction patterns of 2D perovskite thin films. Peak indexing was performed using
GIXSGUI software and using previously published 2D perovskite structures. Perovskite octahedra sheets
were shown to be horizontally oriented with respect to the silicon substrate with the long crystallographic

axis orthogonal to the substrate, showing that organic ligands terminated the perovskite thin film surfaces.
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Figure 2.4. Diffraction patterns of 2D perovskite control samples and bilayer perovskite and TIPS-
pentacene samples before and after solvent vapor annealing in toluene. No changes in the 2D perovskite
diffraction patterns after the solution deposition of TIPS-pentacene and solvent vapor annealing was
observed, indicating that the crystal structure of the 2D perovskites was not affected by TIPS-pentacene
solution processing conditions with toluene solvent.
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Figure 2.5. Absorbance spectra of 2D perovskites thin films before and after the deposition of TIPS-
pentacene from solution in toluene followed by one hour of solvent vapor annealing in toluene. The sharp
perovskite onset absorption peak is retained after TIPS-pentacene deposition and post deposition

processing.
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2.4 Structural characterization of molecular packing structures of TIPS-pentacene
2.4.1 TIPS-pentacene thin film morphology

Polarized optical microscopy showed similar morphologies of TIPS-pentacene thin films
regardless of perovskite surface (Fig. 2.6). Thin films consisted of long crystalline grains aligned
in the solution shearing direction (white arrows), as observed using 90° rotation under polarized
light with crystals being hundreds of microns in length and tens of microns in width (Fig. 2.7).
TIPS-pentacene morphology and crystal alignment were conserved after solvent vapor annealing,

indicating that no secondary nucleation and growth occurred (Fig. 2.8). Because optoelectronic

| ieseoienesl, D)

TIPS-Pn/PMA,PbCl, Tips:pn/PMA Pher, R Tips pn/emaeh,  TEE]

Figure 2.6. Cross-polarized images of TIPS-pentacene thin films after solvent vapor annealing for one
hour in toluene vapor on 2D perovskite surfaces. Crystals remain aligned in the shearing direction
regardless of perovskite surface.
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properties are influenced by both molecular packing and morphology, identical morphologies

obtained in this study allow an opportunity to determine the effect of molecular packing and phase

purity on optoelectronic properties without morphological variation.

Figure 2.7. Cross-polarized images of TIPS-pentacene thin films with rotation. Crystalline domains
grow in the direction of translation of the shearing blade, resulting in highly aligned thin films. Upon
rotation of the thin films, there is uniform brightness over the entirety of the film, indicating that crystals

are of the same domain and orientation.

Figure 2.8. Cross-polarized images of TIPS-pentacene thin films before (left) and after (right) solvent
vapor annealing for one hour in toluene vapor. Solvent vapor annealing provided a pathway for
relaxation of TIPS-pentacene thin films to relieve any strain and/or kinetically trapped structures,

yielding thermodynamically stable thin films at room temperature.
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2.4.2 Thickness of TIPS-pentacene thin films

Stylus profilometry in conjunction with UV-vis spectroscopy was used to quantify the
thicknesses of TIPS-pentacene thin films. TIPS-pentacene thin films were prepared with a constant
concentration of 8 milligrams per milliliter with varying speeds of the shearing blade to alter thin
film thickness. Within the evaporative regime, termed the Landau-Levich regime, lower shearing
blade speeds creates thicker thin films.3* As the shearing blade speed is increased, thinner films

are created. The selected shearing conditions are within the evaporative regime, as previously
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Figure 2.9. a) Thickness of TIPS-pentacene thin films versus solution shearing speed. b) Zoom in on the
thicknesses of TIPS-pentacene thin films when deposited at higher solution shearing speeds. c) The
absorbance values of TIPS-pentacene when deposited on quartz and different 2D perovskite surfaces. d)
Thickness of TIPS-pentacene thin films versus absorbance values. The gray region shows the range in
absorbance values observed for TIPS-pentacene when deposited on different 2D perovskite surfaces. The

thicknesses of TIPS-pentacene thin films with different perovskite surfaces are 110 £ 30 nm.
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reported® and can be seen by the negative correlation between shearing speed and thin film
thickness in Fig. 2.9a-b. Because TIPS-pentacene thin films are deposited on different perovskite
thin films, TIPS-pentacene thicknesses could not be measured directly with profilometry. The
absorbances of TIPS-pentacene thin films with varying thicknesses was measured to construct a
calibration curve which was then used to correlate absorbance with thin film thickness (Fig 2.9c-
d). Using this analysis, the thicknesses of TIPS-pentacene thin films when deposited on

perovskites was determined to be 110 £ 30 nm.

2.4.2 Crystal structure analysis via grazing incidence X-ray diffraction

Grazing incidence X-ray diffraction was used to determine the influence of perovskite
ligand and ligand density on the molecular packing of TIPS-pentacene. Due to anisotropy of TIPS-
pentacene thin films, diffraction patterns were collected with the incident X-ray beam along the
shearing direction and with 90° rotation with respect to the shearing direction to observe the (101)
and (011) crystallographic planes, respectively (Fig. 2.10b-c). TIPS-pentacene diffraction patterns
are qualitatively and quantitatively (Table 2.2) consistent with the published Form | molecular

packing structure of TIPS-pentacene, as reported by Diao et al.®

This study Form I Form Ib Form Ilb Form 111
Qxy (A1) Qxy (A Qxy (At Qxy (A Qxy (At
(101) 0.821 0.82 0.83 0.86 0.90
plane
(011) 0.802 0.81 0.80 0.775 0.77
plane

Table 2.2. Comparison of the Qy values of the TIPS-pentacene (101) and (011) planes for the TIPS-

pentacene control (solution sheared on silicon) and the published Form I, Form 1b, Form Ilb, and Form

Il as characterized by Diao et al [ref. 5]. The TIPS-pentacene structure isolated in this study best

matches the Form | molecular packing.
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Thisstudy | Form| This study This study | This study Form |
d-spacing | d-spacing Q Q Q Q
(A) (A) (AY-control | (AY)-min | (A)-max (A)
;()Jl-gl:‘ll-?e 7.00 + 0.06 6.98 0.898 +£0.08 0.890 0.904 0.900
(011) 6.49 +0.02 6.34 0.967 +0.03 0.962 0.970 0.991
plane 49 +0. : 967 £ 0. : : :

Table 2.3. Comparison of the d-spacing and Q values of the (101) and (011) planes in this study and the
published Form | molecular packing of TIPS-pentacene as characterized by Diao et al [ref. 5]. The Q-
values of control corresponds to the TIPS-pentacene films deposited in silicon while the Q-min and Q-

max values correspond to the range observed on the 2D perovskite surfaces.

The highest and lowest TIPS-pentacene (101) plane spacing values obtained from
interfacing with perovskites were 7.05 A and 6.95 A for the (101) plane, and 6.53 A and 6.48 A
for the (011) plane. While all structures are within the Form | family, the (101) and (011) plane
spacings of TIPS-pentacene were uniquely influenced by perovskite surfaces. Perovskite surfaces
induced peak shifts in the (101) plane from lower Q-values (bottom left) to higher Q-values (upper
right) (Fig. 2.10a). These perovskite-templated TIPS-pentacene structures exhibited discrete (101)
plane spacings ranging from 6.95 A to 7.06 A (~1.6% change). Untemplated TIPS-pentacene
exhibited an average (101) plane spacing of 7.00 + 0.06 A, which has a significantly larger standard
deviation relative to perovskite-templated structures (Fig. 2.10d). This indicates poor control over
TIPS-pentacene molecular packing and more structural variation when deposited on silicon. In
contrast, TIPS-pentacene molecular packing was finely-tuned using perovskite surfaces with
varying ligand and ligand density, as evidenced by discrete spacings with substantially lower

standard deviations.
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Figure 2.10. Crystal structure analysis of TIPS-pentacene (101) and (011) diffraction peaks using
grazing incidence X-ray diffraction (GIXD). a) Incremental peak shift of the TIPS-pentacene (101)
plane from lower Q (bottom) to higher Q (top) was observed on different 2D perovskite surfaces. b)
Depiction of GIXD technique with incoming X-rays parallel to crystal alignment in TIPS-pentacene
thin films. ¢) Diffraction pattern showing the (101) and (011) plane peaks when X-ray beam is parallel
to crystal alignment and with 90 rotation, respectively. d) (101) and e) (011) plane spacings of TIPS-
pentacene on perovskite surfaces with varying ligand and ligand density. f) The Q,y component of the
(101) plane showing variation along the a-axis of the unit cell which is closely related to the n-stacking

direction. g) The Q, component of the (101) plane suggesting variation in the tilting of the c-axis.
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Perovskite-templated structures exhibited high phase purity with reduced structural
disorder. The (011) plane of untemplated TIPS-pentacene was observed concomitantly with a
second peak that is separated in Q.. This feature has been attributed to degenerate peaks with
similar d-spacings.>*' For perovskite-templated TIPS-pentacene structures, this degeneracy was
removed, which is consistent with increased ordering in these systems. Only minor variations in
(011) plane spacings were observed (Fig. 2.10e), indicating that TIPS-pentacene molecular
packing changes occurred mostly along the a-axis of the unit cell (i.e. (101) plane) rather than the
b-axis. These results show that TIPS-pentacene molecular packing can be finely-tuned using
tunable, crystalline surfaces beyond the control of deposition of TIPS-pentacene on a silicon
substrate.

While unit cell parameters for TIPS-pentacene molecular packings could not be obtained
due to too few independent Bragg peaks (i.e., without perovskite peaks overlapping), analysis of
Qxy and Q; components of the Q-vector in reciprocal space for (101) peaks provide qualitative
information about relative changes to the unit cell. As shown in Fig. 2.10f, perovskite-templated
structures exhibited discrete Qxy components that provided unique contributions to Q-vector and
is representative of changes to the a-axis length of the unit cell, which is closely related to the n-
stacking direction.>?! The overall change in Qxy for perovskite-templated samples was 1.7% and
high variability was observed again for untemplated TIPS-pentacene. Upon inspection of the Q;
components of the (101) peak (Fig. 2g), distinct Q; values were observed for perovskite-templated
samples (Fig. 2.10g), possibly suggesting changes in the tilt of the c-axis with respect to the ab-
plane.

No trend in TIPS-pentacene (101) plane spacing and ligand density was observed. For PEA

perovskites, the TIPS-pentacene (101) plane spacing increases with halides in the order Cl<I<Br
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while ligand density increases in the order I<Br<Cl. For PMA-terminated perovskites, (101) plane
spacing increases in the order CI<Br<I. Without a clear correlation to ligand density, these results
suggest that no direct lattice matching is taking place. Interestingly, perovskites with similar ligand
density but different ligand molecule (e.g. PEA2PbCIs and PMA2PbCls), induced different (101)
d-spacings of TIPS-pentacene. Taken together, these observations suggest that both ligand and
halide selection contribute to defining the electrostatic interaction at the interface.

Because perovskite-templated structures were relaxed (i.e. strain-free) using solvent vapor
annealing, final structures are thermodynamically stable with their distinctions stemming from
unique interfacial interactions for each TIPS-pentacene/perovskite pairing. The nonspecific
structure formation as evidenced by increased structural variation in untemplated samples is
consistent with there being no particular energetic minimum when interfaced with silicon. The
thicknesses of TIPS-pentacene thin films are 110 + 30 nm, demonstrating that TIPS-
pentacene/perovskite interactions are significant enough to propagate into the bulk of the film and

still yield phase pure structures.
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2.5 Conclusion

Small molecule organic semiconductors, such as TIPS-pentacene, adopt different
molecular packing structures with varying optoelectronic properties stemming from differences in
intermolecular interactions. However, controlling the molecular packing of small molecules is
difficult. Molecular packing is acutely sensitive to deposition method, concentration solvent,
temperature, and other parameters. Here, we show that the molecular packing of TIPS-pentacene
can be finely tuned via the solution deposition on crystalline, ordered surfaces. We isolated six
unique molecular packing structures using six two-dimensional lead halide perovskites, which
have modifiable ligand molecules and ligand density. Structural disorder in TIPS-pentacene thin
films is reduced substantially by interfacing with 2D perovskites relative to deposition on
unfunctionalized silicon. Attempts to use traditional self-assembled monolayers to influence
packing have stopped short of ligand density tunability. We provide an easy-to-adopt method to
reduce structural disorder using tunable, crystalline interfaces, 2D perovskites, which are simple
and fast to fabricate. Perovskite-templating could prove advantageous in other small molecule
applications where even modest amounts of disorder can severely hinder device functionality. The
number of molecule-perovskite combinations are extensive, making the perovskite-templating
method generalizable to application-based and fundamental studies to elucidate structure-property

relationships via the fine tuning of crystalline structures.
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2.6 Materials and Methods

Materials. The following 2D perovskite precursor reagents were purchased from Sigma Aldrich:
lead chloride (PbCl2, 99.999% trace metals analysis), lead bromide (PbBr2, 99.999% trace metals
analysis), phenylmethylammonium chloride (PMACI, MQ200), phenylmethylammonium
bromide @ (PMABr, >98%), phenylmethylammonium  iodide  (PMAIL,  >98%),
phenylethylammonium chloride (PEACI, >98%), phenylethylammonium bromide (PEABT,
>98%), phenylethylammonium iodide (PEAI, >98%), 6,13-Bis(triisopropylsilylethynyl)pentacene
(TIPS-pentacene, >99%), N-N-dimethylacetamide (DMAc, anhydrous, 99.8%), dimethyl
sulfoxide (DMSO, anhydrous, >99.9%) and toluene (anhydrous, >99.5%). Lead iodide (Pbl,

99.9985%) was purchased from Alfa Aesar.

Substrate preparation. Silicon and quartz substrates were cleaned sequentially via sonification in
detergent water, high purity water, isopropyl alcohol, and acetone for 8 minutes each. The slides

were then dried using air followed by UV ozone treatment for 15 minutes.

Lead halide perovskite solution preparation. All perovskite precursor solutions were prepared with
empirical formula A2PbXs (A = PMA, PEA) (X = ClI, Br, I) with a concentration of 0.375 M with
respect to lead. A 0.375 M solution of (PMA)2PbCls was prepared by dissolving 0.375 M of PbCl;
and 0.75 M of PMACI using DMSO as the solvent. A 0.375 M solution of (PEA)PbCls was
prepared by dissolving 0.375 M of PbCl, and 0.75 M of PEACI using DMSO as the solvent. A
0.375 M solution of (PMA)2PbBr4 was prepared by dissolving 0.375 M of PbBr; and 0.75 M of
PMABr using DMACc as the solvent. A 0.375 M solution of (PEA)2PbBrs was prepared by

dissolving 0.375 M of PbBrz and 0.75 M of PEABr using DMAC as the solvent. A 0.375 M solution
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of (PMA)2Pbls was prepared by dissolving 0.375 M of Pbl; and 0.75 M of PMAI using DMACc as
the solvent. A 0.375 M solution of (PEA)2Pbls was prepared by dissolving 0.375 M of Pbl. and

0.75 M of PEAI using DMAC as the solvent. Solutions were allowed to stir overnight.

Lead halide perovskite thin film fabrication. Perovskite precursor solutions were dynamically spin
coated on clean substrates at 4500 rpm for 60 seconds. Thin films were then thermally annealed at

1000 C for 5 minutes.

TIPS-pentacene thin film fabrication. A solution of 8 mg/mL of TIPS-pentacene in toluene was
prepared. An aliquot (15 uL) of TIPS-pentacene solution was solution sheared on top of the silicon,
quartz, and silicon/perovskite, quartz/perovskite substrates at a blade speed of 2.5 mmps with a
stage temperature of 90° C. Thin films were kept on the heated stage for an additional 30 seconds
to ensure complete solvent removal within the thin films. Solution shearing deposition conditions

were held constant while varying only the perovskite ligand and ligand density.

Thin Film Characterization using polarized optical microscopy. A Zeiss Axio A.1 Microscope

was utilized to observe morphology of TIPS-pentacene and TIPS-pentacene/perovskite thin films.

Optical images were collected at 5x and 20x magnification under cross-polarized light.

Thickness measurements of thin films using stylus profilometry. A DektakXT stylus profilometer

was used to quantify the thickness of the thin films with a stylus force of 5 mg.
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Grazing incidence X-ray diffraction (GIXD). Diffraction patterns were collected at the SLAC
National Accelerator Laboratory on the 11-3 beamline. Incident X-rays with an energy of 12.7
keV penetrated thin films while housed in a helium chamber at an angle of 0.15° with respect to
the substrate. Diffraction patterns were collected with the incident X-ray beam along the shearing
direction and with a 90° rotation with respect to the shearing direction. Data was collected using a
two-dimensional Rayonix MX225 CCD area detector. Diffraction patterns were analyzed using a
Matlab toolbox developed by Zhang Jiang called Grazing-incidence X-ray Scattering User

interface (GIXSGUI).%?

2.7 Contributions

Ashley Conley conducted structural measurements and performed analysis. Alex Chen and
Stephanie Guthrie did preliminary work to determine feasibility of the project. Kevin Stone aided
in the taking of grazing incidence X-ray diffraction measurements at SLAC. Gaurav Giri and

Joshua Choi conceived the project.
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Chapter 3: Exploring optical properties, singlet fission, and interfacial structures of

perovskite-templated TIPS-pentacene thin films
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E. Bragg, Christopher Paolucci, Joshua J. Choi, and Gaurav Giri
* - equal contributions to the work presented in this Chapter (see Contributions section for details)

This chapter is in preparation for a manuscript submission.

3.1 Abstract

Singlet fission, a process by which one singlet exciton is down converted into two lower energy
triplet excitons, is sensitive to the degree of electronic coupling within a molecular packing
structure. Variations in molecular packing can be detrimental to triplet formation and triplet-triplet
separation, ultimately affecting the harvesting of triplets for electricity in organic photovoltaics.
Here, study the effect of molecular packing and structural ordering on the optoelectronic properties
using the six phase-pure molecular packing structures of TIPS-pentacene that were isolated using
two-dimensional lead halide perovskites. Transient absorption spectroscopy reveals that while
triplet formation is fast (<100 fs) regardless of template structure, the increased ordering in
perovskite-templated samples speeds up triplet-triplet separation and recombination, providing
evidence that the benefits of phase-purity offset minor variations in molecular packing. Molecular
dynamics modeling of the interface reveals that perovskite-templating allows for closer packing
of TIPS-Pn molecules, regardless of perovskite structure. With an extensive number of molecule-
perovskite pairings, this work provides a methodology to use ordered, periodic surfaces to
elucidate structure-property relationships of small molecules to adjust optoelectronic responses,

such as singlet fission.
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3.2 Introduction

It is well-established that molecular packing and morphology affect singlet fission (SF), an
exciton multiplication process whereby one singlet exciton is converted into two triplet excitons.
Singlet fission has potential to overcome the Shockley-Queisser efficiency limit for solar cells,
and thus understanding this process is of great scientific interest in the field of photovoltaics.>? SF
has been observed in many prominent acene-based OSC molecules, such as 6,13-
triisoprolylethynyl pentacene (TIPS-pentacene), which satisfy the energetic requirement that the
triplet state energy is less than or equal to half of the singlet state energy.>* Studies have shown
that SF rates, charge transfer couplings, and triplet state recombination rates are sensitive to micro
and macroscopic properties of OSC thin films, such as molecular packing structures,®>2 structural
disorder,>*% and morphology.®*! Precise control of crystalline properties is still an active area of
research, as optimizing SF properties could have profound ramifications for photovoltaics.

Here, we utilize six perovskite-templated structures of TIPS-pentacene to study the effect
of molecular packing on optoelectronic properties. We show that reduced structural disorder for
perovskite-templated structures results in similar optoelectronic behavior. Minor variations in
molecular interactions result in slight shifts in the n-n stacking absorbance feature. However, the
photoluminescence of perovskite-templated samples reveals significant quenching, suggesting that
the relaxation dynamics have been altered. We then measure singlet fission rates and triplet state
lifetimes using transient absorption spectroscopy and show that increased ordering in molecular
packing is essential for rapid triplet-triplet separation and transport, which is required to ultimately
harness the triplets for electricity. Finally, molecular dynamics simulations of TIPS-
pentacene/perovskite interfaces reveal structural changes to TIPS-pentacene molecular packing

that are qualitatively consistent with diffraction data and suggest that reduced =n-m stacking
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distances for perovskite-templated structures is a possible explanation for the observation of

similar optoelectronic behavior for different perovskite-templated structures.

3.3 Results and Discussion
3.3.1 Steady-state optical properties of perovskite-templated TIPS-pentacene

TIPS-pentacene crystallizes in a triclinic unit cell with P1 symmetry with a 2D brick-wall
structure. Changes to the (101) plane spacing affects electronic interactions between TIPS-
pentacene molecules through changes in the m-m stacking distances and molecular offset of
pentacene backbones, as depicted in Fig. 3.1. The n-stacking interactions take place between two
TIPS-pentacene molecular pairs'? and transverse anisotropically in the a and b lattice directions,

resulting in a two-dimensional, direction-dependent delocalization of lowest energy excitons.®
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Figure 3.1. Schematic of the relationship between n-stacking of TIPS-pentacene molecules and the (101)

plane. The overall n-m interactions will be affected by z-stacking distances and molecular offset of
pentacene backbones. a) Depiction of the molecular offset of the TIPS-pentacene backbones whereby
slight variations will result in changes 7 interactions through enhanced or diminished face-to-face versus
slipped =m-stacking. b) Depiction of the m-stacking distance between TIPS-pentacene molecules. c)
Depiction of the (101) plane (pink) showing that variations in the plane spacing will result in changes in

n-stacking (black arrows).
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Small changes in m-stacking interactions can dramatically alter electronic interactions
between molecules. Due to the limited number of reflections in our grazing incidence diffraction
patterns from TIPS-pentacene (i.e. without perovskite diffraction peak overlapping), we do not
have a well-defined structure with which to perform first principles calculations to directly

elucidate structure-property relationships. Even with these limitations, intermolecular interactions
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Figure 3.2. Steady state optical characterization of perovskite-templated TIPS-pentacene. a) Absorbance
spectrum of TIPS-pentacene thin film showing vibronic progression of lowest energy So—=>S; transition
(peaks 1, 2, and 3) and intramolecular transitions (peaks 4 and 5). b) Transition energies of n-n stacking
absorbance peak (peak 1) of TIPS-pentacene with varying perovskite surface and the next two lowest

energy transitions (peaks 2 and 3). ¢) Photoluminescence of TIPS-pentacene thin films.
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can be compared for these perovskite-templated molecular packing structures through analysis of
the m-stacking absorption feature and photoluminescence intensity signals.

Optical properties of perovskite-templated TIPS-pentacene structures were studied using
UV-Vis spectroscopy. The lowest-energy transitions between 500 and 750 nm are associated with
the So=>S; transition of TIPS-pentacene, ™ as labeled as peaks 1, 2, and 3 in Fig. 3.2a. The So=>S:
multi-peak signature has been attributed to vibrational progression of the lowest energy transition
as well as a delocalization of multiple nearly-degenerate energy levels arising from intermolecular
excitations, while peaks 4 and 5 arise from intramolecular excitation.>* Because So=>S:
transitions are below the bandgaps of the perovskites, the lowest-energy TIPS-pentacene
absorbance peaks could be isolated. All TIPS-pentacene thin films exhibit an absorbance peak near
700 nm, denoted as peak 1, which corresponds to a red-shifted absorbance feature arising from =-
n stacking of TIPS-pentacene molecules in the solid state that is not present in solution state
spectra.’® Incremental changes to the m-stacking transition energy were observed with a maximum
energy difference of 0.015 eV when varying the perovskite surface (Fig. 3.2b, top), which suggests
slight variations in the degree of m-stacking interactions and is consistent with our structural
findings. The transition energies of peak 2 and 3 also showed differences in transition energies,
but in contrast to the more discrete transition energies of peak 1, multiple samples exhibited
overlapping transition energies (Fig. 3.2b, middle/bottom). Sharifzadeh, S. et al showed in ordered
domains of TIPS-pentacene that peak 2 is composed of a blending of nearly-degenerate states
while peak 1 is more strongly associated to one first singlet excited state arising from n-stacking,’
which may explain the overlapping transition energies of peak 2. Peaks 4 and 5 show minor
variations in transition energy, which is consistent with an intramolecular excitation that would be

less affected by m-m intermolecular interactions (Fig. 3.3).

54| Page



Steady-state photoluminescence (PL) measurements of TIPS-pentacene thin films are
shown in Fig. 3.2c. TIPS-pentacene thin films were selectively excited with 560 nm light, which
is below the bandgap of perovskites. All TIPS-pentacene thin films exhibited weak PL intensity
with only one observable peak at ~650 nm, which is consistent with literature.’® Perovskite-
templated TIPS-pentacene samples exhibited reduced PL intensity relative to untemplated
samples, suggesting that relaxation dynamics have been altered in more-ordered TIPS-pentacene
films. Nui, M et al. showed that TIPS-pentacene exhibits more intense PL in disordered or
amorphous regions due to disruptions in intermolecular interactions and exhibits reduced PL in
regions with increased crystallinity.}” Our results are consistent with literature in that perovskite-
templated structures exhibited increased ordering and a subsequent reduction in PL. Our results
provide evidence that regardless of minor variations in perovskite-templated TIPS-pentacene

structure, increased ordering plays a substantial role in enhancing intermolecular interactions.
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Figure 3.3. Absorbance of intramolecular transition peaks a) 4 and b) 5).
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3.3.2 Singlet fission of perovskite-templated TIPS-pentacene thin films

Transient absorption (TA) spectroscopy was used to investigate singlet fission dynamics
in perovskite-templated and untemplated TIPS-pentacene films. Fig. 3.4 shows a depiction of the
excitation process followed by triplet state formation. TIPS-pentacene molecules were excited
with 700 nm light to form the singlet state, The singlet state then forms a triplet-triplet correlated
pair through an energy splitting of the singlet state energy through intermolecular interactions
between TIPS-pentacene molecules. Finally, the correlated triplet-triplet pair separates into two
individual, de-coupled triplets. TA spectra were dominated by a feature peaking near 530 nm that

is characteristic of the T, — Ty transition for triplet pairs in TIPS-pentacene (Fig. 3.5a).182°

S

\\

*@w% %4

So

Figure 3.4. Schematic showing the singlet exciton (red) forming the triplet-triplet correlated pair (light

green) before splitting into two triplet excitons (green).

Because TA spectra of TIPS-pentacene samples on PMA2Pbls and PEA2Pbls perovskite
templates were complicated by direct excitation of the perovskite, we were unable to isolate

singlet-fission/triplet-pair dynamics for these samples. All TIPS-pentacene films exhibited
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ultrafast generation of triplet-triplet pairs via singlet fission (S;S, — *(TT)), as evidenced by the
rapid appearance of the triplet-pair absorption feature on a timescale commensurate with our
experimental time resolution (Fig. 3.5b), consistent with previous reports.'® Accurate
determination of this timescale is inhibited by a coherent artifact arising from nonlinear optical
interactions in the substrate during the period of pulse-pair overlap. The Ty — T transition peak
continues to rise and redshifts by ~2 nm in the picoseconds following excitation. This behavior is
consistent with signatures of triplet-pair separation (*TT — 1T..T).18 The triplet feature begins to

decay over the next nanosecond, which we attribute to triplet recombination (T +T — 2So).
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Figure 3.5. a) Transient absorption spectra of TIPS-pentacene on PEA,PbCI, excited at 700 nm (~700
ul/cm?). b) Transient absorption at 525 nm following 700 nm photoexcitation of TIPS-pentacene on
silica (black diamonds) and PMA;PbBr4 (green circles). Fits from global spectral analysis are plotted as
solid lines. Data are plotted on a linear timescale from 0 to 1 ps and logarithmic from 1 to 100 ps. ¢)
Triplet separation lifetimes (solid squares) and annihilation lifetimes (fast decay, X; slow decay open

circles) with associated errors for TIPS-pentacene on perovskites and silica.

TA spectral evolution was analyzed by global spectral analysis (see Materials and
methods). Transients at a probe wavelength of 525 nm are presented in Fig. 3.5b. All templated

TIPS-pentacene exhibited both faster triplet-pair separation and recombination kinetics when
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compared to the untemplated control. A summary of the triplet-pair separation and recombination
timescales are summarized in Fig. 3.5 and 3.6. For the control sample, triplet-pair separation
occurs on a timescale of 2.7 + 0.6 picoseconds, which is consistent with the previously reported
timescale (2.5 picoseconds) measured for Form | TIPS-pentacene.’® In contrast, triplet-pair
separation speeds up by a factor greater than two in perovskite-templated samples. Species-
associated differential spectra (SADS) obtained from global fits all show that absorption features
shift on these timescales and supports that this is associated with the same photophysical process
in all samples.

Triplet recombination is also observed to be faster for templated samples. For the Br-based
templates, recombination behavior was best fit using a biexponential decay; notably, SADS for
both components in each fit have the same spectral shape. We note that recombination is somewhat
faster than what has been reported?® previously for amorphous and crystalline TIPS-pentacene;

this is most likely a consequence of the slightly higher fluence needed to conduct our
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Figure 3.6. a) Diagram of untemplated/disordered and b) perovskite-templated/ordered regions of
TIPS-pentacene showing that enhanced phase-purity (i.e. reduced disorder) leads to faster timescales

for triplet-triplet separation and recombination.
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measurements. The triplet decay lifetime decreases considerably for our samples at even higher
fluences. Triplet decay observed at lowest fluences were observed to be on similar timescales
reported from measurements at lower excitation fluences.

The kinetics of triplet-pair generation and the separation, decoherence, diffusion, and
recombination of triplets is well-known to be sensitive to the details of intermolecular
interactions.?* Various studies have shown that the rate of singlet fission is correlated with the
degree of lateral slip stacking along the chromophore axis that enhances intermolecular orbital
coupling.t*?2 Triplet-pair generation in TIPS-pentacene films is generally quite fast and efficient,
such that little to no impact is expected for modest changes in packing structure. Notably, Pensack
et. al recently showed that modified TIPS-pentacene with almost no lateral slip resulting in
pairwise packing negatively impacts the survival of triplet-pairs due to fast (< 2-4 picoseconds)
nonadiabatic quenching, but that rapid triplet-pair generation is maintained.®*® We observed no
significant difference in the rate of triplet-pair generation in our films (in both cases, it occurs on
~100 fs timescales or faster), which is consistent with these previous observations.

In contrast, triplet-pair separation and recombination, which occur on slower timescales,
are highly sensitive to impacts of crystal structure on intermolecular triplet energy transfer. A
previous study revealed that the triplet annihilation is much faster in crystalline versus amorphous
films due to increased diffusivity of triplet excitons, such that faster triplet transfer timescales may
be expected with a general increase in the crystallinity of films.2° In addition, Grieco et. al. reported
that Form | TIPS-pentacene films have faster triplet-pair separation kinetics than Form 11 films
due to improved intermolecular orbital interactions in Form | that facilitate faster site-to-site triplet
transfer.!8 Similarly, Doucette et al. demonstrated that the triplet-separation rate can be increased

when polycrystalline films are compressed in a diamond anvil cell, as compression induces
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packing modifications that increase pair-wise charge-transfer interactions.” We note that the
spacing parameter for templated films span a range relative to that of the untemplated TIPS-
pentacene, yet all templated films exhibit similar triplet transfer dynamics. This behavior is
consistent with the rate of triplet transfer dynamics being dominated by the degree of packing
order, rather than modifications to pair-wise interactions.

The faster triplet-pair separation and triplet-recombination lifetimes observed with
templated vs. untemplated TIPS-pentacene structures are consistent with both an increase in
packing order and enhanced intermolecular interactions arising from shorter n-n distances that
facilitate triplet transfer which result from templating TIPS-pentacene on perovskite surfaces.
Interestingly, we observe that templating further increases the rate of triplet-pair separation relative
to untemplated crystalline TIPS-pentacene under ambient conditions, highlighting that this
approach can be used to affect enhanced triplet-energy transfer as is needed to ultimately harvest

triplets in materials applications.

3.3.3. Simulated annealing of TIPS-pentacene/perovskite interfaces

We employed molecular dynamics (MD) simulations to better understand the structural
origins of the singlet fission behavior of perovskite-templated TIPS-pentacene. The MD
simulations were run in the OpenMM software using the AMOEBA (Atomic multipole optimized
energetics for biomolecular applications) polarizable forcefield,?*?® which is capable of simulating
charge evolution at inorganic interfaces, including perovskites.?* After developing forcefield
parameters which recovered the bulk properties of TIPS-pentacene and each perovskite, we
generated initial periodic interfaces by lattice matching TIPS-pentacene with perovskite a and b
cell parameters. To further optimize the a and b cell parameters of the interface, we ran anisotropic

simulated annealing NPT simulations. The optimal cell parameters were then used in simulated
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Figure 3.7. Molecular dynamics simulations of the TIPS-Pn/perovskite interface. a) Reaction scheme of
TIPS-Pn and perovskite structures. b) Calculated n-n stacking distances for bulk TIPS-Pn and each TIPS-

Pn/perovskite interfaces. Bulk TIPS-Pn n-xt stacking distance is of the reported Form | structure.

annealing NVT simulations to identify low energy structural minima for each interface (Fig. 3.7a,
additional simulation details in Methods). We could not identify minima for the (PMA)2Pbls
interface because the large lattice mismatch between TIPS-pentacene and (PMA)2Pbls perovskite
resulted in a supercell too large for MD simulations.

To validate our computational methods, we compared the simulated and experimentally
observed values of (101) spacings. MD simulations qualitatively recovered the experimental trends
in TIPS-pentacene d-spacing (described in detail in Chapter 2), but were systematically lower than
experimental values. Using the experimental TIPS-pentacene (101) spacing as a reference, MD
simulations correctly predict the (101) spacing trend observed using PEA-terminated perovskite
interfaces, with higher and lower distortion of the TIPS-pentacene lattice for PEA2PbCls and
PEA2PbBTr4, respectively, and PEA2Pbl4 in-between. Calculated (101) spacings for (PMA)2PbCl,4
and (PEA)2PbBr4 were within 0.004 A, in agreement with experiment (Fig. 2d). While our models
do not represent the full complexity of the real interfaces, they recover the experimental trends in
(101) spacings, suggesting that the parameters dictating structural changes (i.e. interfacial lattice

sizes and intermolecular interactions) are effectively captured.
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The large number of atoms in these interfaces prohibited accurate band structure
calculations of these materials. However, previous studies on acene-based molecules demonstrate
a strong correlation between n-n stacking distances and charge transfer character. A reduction in
n-n stacking distances of pentacene molecules has been shown to increase delocalization over
multiple molecules and also increase charge transfer character,® which has been assigned as the
mechanism for triplet-triplet separation for TIPS-pentacene.'® We proceeded to compute TIPS-
pentacene n-n stacking distances using MD interfacial structures as a proxy for singlet fission
behavior. Fig. 3.7b shows that all perovskite-templated TIPS-Pn structures relaxed to shorter n-nt
stacking distances compared to the bulk phase and that all =-n stacking distances for the interfaces
were similar, despite differences in (101) spacings. These crystal structure changes can occur via
a lengthened c vector in the templated TIPS-pentacene structure and/or a difference in TIPS-
pentacene molecular tilt with respect to the a-b plane. Our experimental data corroborates this, as
diffraction data indicates changes in both a and ¢ axes of perovskite-templated samples (Fig. 2.10f-
g in Chapter 2). With all considered, the faster triplet-triplet separation and recombination
observed using TA spectroscopy is consistent with expected outcomes for enhanced intermolecular
interactions and increased triplet energy transfer that occurs from shorter n-n stacking distances
(observed using MD) and increased ordering (observed using GIXD). We conclude that
perovskite-templating allows for improved intermolecular interactions by means of closer packing

of TIPS-pentacene molecules in conjunction with increased molecular ordering.
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3.4 Conclusion

Singlet fission, an exciton multiplication process, is dictated by the degree of electronic
coupling between molecules. While triplet state formation via singlet fission can be robust against
minor variations in molecular packing, triplet-triplet separation and diffusion are acutely sensitive
to such regions, altering the likelihood that triplets can be harvested for electricity in photovoltaic
devices. However, reducing structural disorder in molecular packing structures has been an
ongoing challenge for researchers in the field. We utilize our easy-to-adopt method to reduce
structural disorder of TIPS-pentacene using 2D perovskites as tunable, crystalline interfaces to
quantify the effects of phase purity and reduced disorder through comparison of perovskite-
templated and untemplated TIPS-pentacene molecular packing structures. Here, we employed six
phase-pure molecular packing structures of TIPS-pentacene to study structure-property
relationships. With enhanced phase-purity, triplet-triplet separation and recombination occurred
on faster timescales, indicating improved triplet energy transfer. Using molecular dynamics, we
show that the n-xt stacking distances are reduced as a result of perovskite-templating and allows
for improved intermolecular interactions. Researchers have established a direct link between
singlet fission and structural, morphological, and heterogeneous features. Recent reports have
repeatedly emphasized the importance of phase purity to efficiently separate triplets. However,
without methods to achieve phase-pure structures, singlet fission remains limited in application.
Perovskite-templating could prove beneficial to apply to small molecules that undergo singlet
fission on longer timescales. Perovskite-templating could be used to enhance intermolecular
interactions and increase singlet fission rates, triplet-triplet separation, and triplet diffusivity in
addition to fundamental studies to elucidate structure-property relationships via the fine tuning of

molecular packing structures.
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3.5 Materials and Methods
Optical characterization using UV-Vis and steady-state photoluminescence spectroscopy.
Photoluminescence was measured using a PTI QuantaMaster 400 spectrofluorometer
equipped with two detectors, a R2658 Visible PMT detector and H10330-75 PMT NIR detector,
and a Xe arc lamp excitation source. An excitation wavelength of 560 nm was used to selectively
excite the TIPS-pentacene thin films only by using a wavelength that is below the threshold energy
required to excite perovskites used in this study. A 560 bandpass filter (FWHM = 10 nm) was used
for the excitation light and a 570 nm longpass filter was used for the emission. Background arising
from the substrate was subtracted from each spectrum. Absorbance spectra were collected using a

PerkinElmer UV/Vis/NIR Lambda 950S spectrometer with an integrating sphere.

Ultra-fast transient absorption spectroscopy to measure singlet fission rates.

The setup for our transient absorption measurements has been described in detail
previously? and here we describe experimental details for the work presented. Ultrafast excitation
and probe pulses were generated using the amplified output of a Ti:sapphire laser (Coherent
Legend Elite, 3.8 mJ/pulse, 1 kHz repetition rate, ~35 fs pulse duration). Excitation pulses at 700
nm were obtained through second harmonic generation of the NIR signal obtained from an optical
parametric amplifier (OPA, Coherent OperaSolo). Broadband probe pulses were obtained via
white light generation in a 2 mm calcium fluoride crystal. Probe pulses were passed through a
wire-grid polarizer (Thorlabs) set at the magic angle (54.7°) with respect to the pump pulse
polarization and placed immediately before the sample to eliminate time-dependent polarization
effects. The pump and probe beams were coaligned to the sample films which were sealed inside

a lens tube flushed with argon, in order to prevent photooxidation during the experiments.
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TA measurements were conducted with a 700 nm excitation wavelength (~700 pJ/cm?),
which is resonant with the lowest energy feature observed by UV/Vis, and a broad-band white-
light probe; the time resolution of our experiments was ~150 fs, and triplet kinetics were monitored
out to 1200 ps. Sample films were kept under argon to avoid photo-oxidation and were translated
side-to-side by < 1 mm in a direction perpendicular to the incident laser beam throughout data
acquisition in order to eliminate the potential for photodegradation. Each scan encompassed 15-
20 accumulations which translates across the entire thin film, which removes any effects arising
from heterogeneity in the thin films. A vertically polarized pump was aligned parallel to the n-
stacking axis (the a-axis of the unit cell), with the probe polarization set to magic angle with respect
to that of the pump. Additional experimental details are provided in the Methods Section and the
Supporting Information.

TA spectral evolution was analyzed in more detail by global spectral analysis.” Global
analysis assumed a kinetic model involving time-resolution-limited appearance of triplet pairs,
Kinetic interconversion to separated pairs on the timescale t,, and single or biexponential

recombination (z,..), as captured by the Equation below:

Trec

Tse
Y1) = YT--T) 528,
Kinetic models were convoluted with the instrument time-resolution. Global fits and
species associated difference spectra (SADS) obtained from global spectral analysis were

reasonably fit were obtained in all cases.
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Molecular dynamics and simulated annealing using AMEOBA 2426

AMOEBA forcefield parameters were either generated via previously outlined procedures
or referenced from previous works. Initial structures for perovskites and TIPS-pentacene were
developed using previously published crystal structures, as referenced in Chapter 2. Forcefield
parameters were validated by NPT simulations of bulk TIPS-pentacene and perovskite structures
to verify that they recovered experimental densities.

All MD simulations were run in OpenMM?’ with CPU acceleration. All NPT MD
simulations used a Verlet Integrator with timesteps of 0.5 fs, and NVT simulations used a Langevin
integrator with a timestep of 0.5 fs. Constant-temperature simulations used an Andersen thermostat
with a collision frequency of 1 ps, and constant pressure simulations used a Monte Carlo
anisotropic barostat. Nonbonding cutoffs were set to 1.05 nm to avoid errors with the fluctuating
box size. Periodic boundary conditions were enforced and the Particle Mesh Ewald (PME) method
and a mutual polarization scheme was employed with a 10 tolerance.

Simulated annealing NVT simulations started by optimizing the interface guess structure
and initializing the simulation at 500 K. A friction coefficient of 1 ps?, and an initial temperature
of 500 K was used. After 5 ps, the temperature of the simulation was lowered by 33.33 K every
0.25 ps for 10 ps. Simulated annealing NPT simulations used these same parameters. At the end
of simulated annealing, the final structure was then optimized, and (101) spacing and n-n stacking

distances were computed.
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3.6 Contributions

Singlet fission measurements and analysis was performed by Rachel Dziatko and Dr. Arthur E.

Bragg at Johns Hopkins University. Molecular dynamics simulations and analysis was performed

by Karl Westendorff, Anna Sviripa, and Dr. Christopher Paolucci at the University of Virginia.
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Chapter 4: Detection of ionizing radiation using scintillator materials

4.1 Introduction to Radiation Detection
4.1.1 Types of electromagnetic radiation

Electromagnetic radiation can be found all around us. We visually see objects using our
eyes, which act as detectors for visible light. However, there are other types of light that we cannot
see with our eyes, such as radio waves, microwaves, infrared, ultraviolet, X-rays, and gamma rays.
Electromagnetic radiation of varying types differs in the energy of the photon, as shown in Fig.
4.1,' and each of them interact with matter differently. Lower energy radiation, such as microwaves
and infrared, are absorbed by molecules and cause them to vibrate and/or stretch, essentially
converting the absorbed energy to heat. At a slightly higher energy, the absorption of visible light
absorption can result in excited molecules whereby an electron is promoted to higher molecular

energy levels. The excited electron can then relax back down to the unexcited ground state by re-

wavelength

radio infrared visible light ultraviolet X-rays GEIMINENENS

TRl L s

used to used in transmits makes things | absorbed by | used to view used in
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Figure 4.1. Types of Electromagnetic Radiation. Copyright of Encyclopedia Britannica, Inc. [ref. 1]
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emitting a photon or relax via nonradiative relaxation, such as giving off heat. These relatively
lower energy electromagnetic radiation types are categorized as non-ionizing sources of radiation.
Higher energy radiation, such as ultraviolet, X-rays, and gamma rays, deposits enough energy in
atoms and molecules to remove the excited electron from the material completely, making these

types ionizing radiation.

4.1.2 Discovery of X-rays in 1895

X-rays were discovered by William
Rontgen in 1895 while conducting an
experiment with a vacuum tube.?® For an
unknown reason, a piece of cardboard
plated with barium platinocyanide began to

glow. Unbeknownst to Rontgen, he was

producing X-ray radiation that was being
absorbed by the cardboard sheet and  Figure 4.2. The first X-ray image taken in 1895 (left)
causing it to emit visible light. The newly and modern day X-ray mage (right).

discovered radiation was termed “X-ray” due to it being unknown radiation.* Next, studied the
properties of the X-rays and noted that the radiation was transmitted through some materials but
not metals and very thick materials. Stemming from this observation, he then used the X-rays to
create a new form of photography that can be used to see inside objects, including the human
body.*° Rontgen produced the first X-ray image, as shown in Fig. 4.2 on the left.®> Since then, X-

ray imaging techniques have been developed to improve spatial resolution. A modern-day image

of a hand is shown in Fig. 4.2 on the right.®
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4.1.3 Penetrating power of ionizing radiation

lonizing radiation, such as X-rays and gamma-rays, have more penetrating power than non-
ionizing radiation, which means that these high energy photons penetrate deeper into a given
medium.’ The probability that a high energy photon is absorbed by a medium depends on material
thickness and its material-dependent absorption coefficient. The fraction of transmitted photons is
shown in Equation 4.1. | is the transmitted intensity, lo is the incident intensity, p is the linear

attenuation coefficient, and d is the thickness of the material.’

= g Hd Eq. 4.1

Higher atomic number (Z) elements, such as calcium or lead, attenuate X-rays more than lighter Z
elements, such as carbon. Fig. 4.3a-b shows a depiction of the difference in X-ray transmission
through lead and water. Lead is a high Z element with a high attenuation coefficient compared to
water, which is composed of lighter Z elements. Given the same thickness of lead and water, more
X-rays of a specific energy will be transmitted through water than through lead. Fig. 4.3c shows
the effect of material thickness on the percent of 50 keV X-ray transmission.® As the material
thickness increases, the percent of X-rays transmitted decreases and materials with higher Z
elements require less material to achieve total attenuation. The varying transmission of X-rays
based on atomic number Z and thickness allow for modern X-ray imaging of bones, teeth, and

objects.
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Figure 4.3. Depiction of the interaction of materials with X-rays. The attenuation of X-rays with a)
lead and b) water. ¢) The effect of material and material thickness on transmission of 50 keV X-rays.

Dashed lines refer to thickness of 10 cm and 50 cm for bone and water, respectively [ref. 3].

4.1.4 Scintillators for ionizing radiation detection

lonizing radiation aggressively strips away electrons which produces ions, and thus it can
be damaging to cells in living organisms as well as destructive to materials.” Because X-rays are
not detectable by eye, secondary materials are needed to detect X-rays. Scintillators are materials
that absorb X-rays or gamma-rays and down convert the absorbed energy into visible or NIR

photons. The detection of ionizing radiation is shown in Fig. 4.4. When a high energy photon is
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absorbed at the interaction site, a primary electron with a large excess of kinetic energy is created.
The primary electron dissipates its energy to surrounding electrons and a cascade of secondary
excited electrons is produced. As electrons become lower in energy, they begin to radiatively relax
and emit lower energy photons. Finally, a second detector is used to collect the lower energy
photons. Scintillators can be coupled to various secondary detectors, such as photomultiplier tubes,

avalanche photodiodes, or charged coupled devices, which is contingent on the desired

application.?’

lonizing Scintillator Scintillator Photomultiplier

Output
radiation Material Emission Tube (PMT)
VS \
Va4 \
S \
(Ve
N i Ay
VS \
High energy Low energy
photons photons

Interaction Primary Secondary
site electron electrons

Figure 4.4. Schematic of ionizing radiation interacting with a scintillating material to convert high

energy photons to low energy photons which are detected using a photomultiplier tube.

Modern scintillator detectors have been employed in applications such as medical imaging,
security, and high energy physics.2%! Light yield is a key performance metric for scintillators and
is defined as the number of scintillated photons per mega-electron volt (MeV) of energy deposited

in the material.”*2 High-performing commercial scintillators are typically grown as single crystals,
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making them very expensive.> A benchmark scintillator is cesium iodide doped with thallium,
which has a high light yield of 60,000 photons per MeV.** Other commercial scintillators, such as
plastic scintillators, are cheaper but tend to have lower light yields and long decay times. Because
higher-performing scintillators are grown as single crystals, they are unable to be used in

applications that require large-area detectors.

4.2 Lead Halide Perovskites as Scintillators

Lead halide perovskites have desirable properties that are required for efficient ionizing
radiation detection and scalability that can overcome limitations of current technology. The crystal
structures of three-dimensional (3D) and two-dimensional (2D) perovskites are shown in Fig. 4.5a
and b, respectively. 3D perovskites are composed of octahedra extending in all dimensions while
2D perovskites are comprised of octahedral sheets that are broken up by bulky organic cations.
Both 2D and 3D perovskite structures are composed of heavy atoms, such as lead, chloride,
bromide, and iodine, resulting in a high effective mass, Zesr, that allows for strong interactions with
high energy photons. As a result, perovskites have excellent stopping power, which defined as a

material’s ability to attenuate high energy radiation; photons with energies up to 1 MeV have a

Figure 4.3. Crystal structure of a) three-dimensional and b) two-dimensional perovskites. For the 2D

perovskite example, a one-layer (i.e. n=1) perovskite structure is shown.
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penetration depth of only ~1 centimeter in perovskite materials.!* The defect tolerance of lead
halide perovskites allow for charge carrier diffusion lengths of ~1 um and long carrier mobility
lifetimes, which is beneficial for optoelectronic-based devices as well as for scintillator
applications.>° Wei, et al. implemented single crystal MAPbBr3 for X-ray detection via photon-
to-current conversion and reported a record high mobility-lifetime product of 1.2x102 cm?Vv-1.%9
Lead halide perovskites have tunable emission properties based on material composition (e.g. Cl,
Br, 1), and in the case of 2D perovskites, the degree of quantum confinement. Perovskites are
composed of cheap, abundant materials that are solution processible at low temperatures and
consequentially, they can be fabricated as thin films, single crystals, or powders. Also, as a result
of their solution processability, lead halide perovskites are candidates for large-area detector
applications via large-area thin film manufacturing?® or through the sintering of perovskite
powders into pellets of varying size and geometry.?* Lead halide perovskites are a compelling class
of materials for cost-effective and potentially efficient alternatives to current radiation detection

technology.
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Chapter 5: Development of relative scintillation light yield methodology suitable

for X-ray excitation sources with continuum of energies

5.1 Abstract

Light yield is a key performance parameter for evaluating the efficiency of scintillators. Light yield
is defined as the number of scintillated photons emitted per mega-electron volt of energy absorbed
by the scintillator material. Pulse height spectrometry is a commonly used method for measuring
light yield whereby a gamma-ray emitter is used for monochromatic excitation, such as **’Cs, of
the scintillator being tested, and scintillated photon intensity is compared against a calibrated,
known intensity. The radioactivity of gamma-ray ray sources, photon emission decreases over time
according to its half-life, resulting in decreasing excitation photon flux over time. To increase
gamma-ray photon flux, higher activity sources can be used, but special health and safety
regulations are required, such as monitoring of total dose to the experimenter or special enclosures
and handling of the radioactive source. While low activity sources are able to be handled more
freely, the lower gamma-ray activity results in lower excitation photon flux and thus, lower
scintillated photon signals that were not able to be observed. We opted to use a continuous
spectrum X-ray source whereby X-rays up to 40 keV are produced via Bremsstrahlung radiation
to increase photon flux and provide consistent excitation source to study novel perovskite
scintillators. Because this is a continuous source that delivers a spectrum of photon energies to
scintillator samples, a new methodology for quantifying the light yield needed to be developed.

Here, we describe our methodology for measuring light yield using a continuous X-ray source.
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5.2 Introduction
5.2.1 Light yield definition
Light yield is defined as the number of scintillated photons from a scintillator divided by

the amount of energy absorbed by the material, as shown in Equation 5.1 below.

Number of scintillated photons (counts)

Light yield = Eqg.5.1

Amount of energy absorbed by the material (MeV)

A commonly reported method for measuring the light yield of scintillators is using pulse height
spectrometry, wherein a radioactive source is used to calibrate the instrument response prior to the
analysis of energy features (i.e. Compton edge, photopeak). However, because we used an X-ray
tube source, which provides a continuous spectrum of X-ray energies, we adopted a different

method.

5.2.2 Light yield methodology overview

The light yields of doped perovskite scintillators were determined in two parts. First, the
scintillated photon output of commercial and sample scintillators was quantified by correlating a
known number of incoming photons to the photon multiplier tube (PMT) detector response. A
Xenon arc lamp was used as reference light to quantify the number of incoming photons using
silicon and germanium power meters in the visible and near infrared (NIR) regions, respectively.
Reference light wavelengths were filtered using bandpass filters purchased from Thor Labs and
were selected to match the peak maximum of scintillator emission. Reference light was scattered
inside of an integrating sphere using an identical geometry to that of the commercial and doped
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perovskite scintillators, and detector responses were measured. The scintillated photon output of
scintillators was calculated using a ratio of the known photon/detector responses from reference
light measurements and sample scintillated emission measured by the detector, similar to the
relative fluorescence method used to calculated quantum yields. Second, the energy deposited into
the scintillators was quantified using the reported light yields of two commercial scintillators,
calcium fluoride doped with europium (CaFz(Eu)) and cesium iodide doped with thallium
(CsI(TI)), and the measured scintillated photon outputs. Incoming X-rays were completely
attenuated by the commercial scintillators, and thus energy deposited in both materials are
equivalent. Reported light yields are measured using radioactive **’Cs which emits photons with
amonochromatic energy of 662 keV. Because the X-ray source used in this study produces photons
with significantly lower energy that range up to only 40 keV, energy deposited values were
corrected for non-proportionality. Sufficient doped perovskite scintillator powder was used (Six to
twelve Kapton capillaries) such that all X-rays were attenuated, and thus, the energy deposited is
the same as that calculated for commercial scintillators. With scintillated light output quantified
using reference light and power meters, the light yield was then calculated using this energy

deposited value.

5.3 Light yield methodology

5.3.1 Materials

X-rays were generated using a Moxtek 60 kV 12-Watt MagPro X-ray imaging source with the
operating voltage set to 40 kilovolts (kV) and the current set to 300 microamps (nA). CaF2(Eu),
CslI(TI), and cesium iodide doped with sodium (Csl(Na)) commercial scintillators were purchased

from Epic Crystal Co. as 25.4 x 25.4 x 25.4 mm? cubes with all sides polished. The documented
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light yields are 19,000, 60,000 and 41,000 phMeV?, respectively. Plastic scintillators were
purchased from Epic Crystal. An acrylic glass cube was purchased from U.S. Plastic Corporation
with dimensions 25.4 x25.4x25.4 mm? with all sides polished. Silicon (PM16-120) and germanium
(PM16-122) photodiode power meters were purchased from Thor Labs. Bandpass filters were

purchased from Thor Labs (480 = 10 nm, 1000 + 10 nm, 1150 £ 10 nm, 1250 = 10 nm).

5.3.2 Powder sample preparation

Powder samples were packed into 12 Kapton capillaries purchased from Cole-Parmer (0.0710”
ID, 0.0750” OD, cut to a length of 50 mm). Capillaries were sealed on both ends with Sigillum
Wax Sealant purchased from Thomas Scientific and arranged into two rows of six, which was

required to achieve total attenuation of X-rays.

5.3.3 Quantifying photon output of scintillators

The photon output of the halogen lamp light source was used in conjunction with a power meter
and PMT detector to determine the photon output of the commercial and doped perovskite
scintillators. Wavelengths matching that of the commercial and doped perovskite scintillators were

selected for the reference light power meter measurements, as detailed in Table 5.1.

Scintillator Emission of scintillator photons Reference light wavelength
7\'em xem
CaF,(Eu) 435 nm 440 nm
CsI(TID) 550 nm 560 nm
Yb-doped CsPbCls; 1000 nm 1000 nm
QD-doped MAPbBrs ~1130 — 1200 nm 1150 nm
(3.8 nm QDs)
QD-doped MAPDbBT3 ~1230 - 1300 nm 1250 nm
(4.3 nm QDs)

Table 5.1 The emission peak of commercial, Yb-doped CsPbCls, and QD-doped MAPDBT; scintillators
and their reference light pairings. Reference light was scattered using a medium similar to the
corresponding commercial and sample scintillator.
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PMT detectors are known to have a region whereby the photon counts read by the detector
is proportional to the number of photons. When incident photon flux hitting the detector becomes
very high, then this proportionality breaks down and the number of photons is no longer related to
the counts read by the detector. This breakdown in proportionality can be seen in Fig. 5.1. The
linear region of the NIR and Vis PMT detectors were determined prior to light yields

measurements, and all measurements were conducted in the linear regions of the detectors.
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Figure 5.1. In the linear region of the detector, the integrated counts of reference light and scintillated
light measured by the PMT and NIR detectors is proportional to the number of photons. As intensity
increases, this one-to-one relationship breaks down in the non-linear region. All measurements relating

to light yield were performed while working in the linear region of the PMT and NIR detectors.

The power of the reference light from the lamp was measured at the inlet of the integrating sphere
for different excitation slit widths using a power meter. Power readings were converted to number
of photons using Eq 2. The reference light was scattered in the same pattern as the scintillators to
be tested; for commercial scintillators, the reference light was scattered using a polished glass cube

with the same dimensions as the commercial scintillators and with the same geometry (Fig. 5.2).
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For the doped-perovskite scintillators, reference light was scattered using non-doped perovskite

powder in the same capillary configuration and geometry as doped-perovskite scintillators.

Power = nEpy, Eqg. 5.2

Next, the scattered light signal was measured using the PMT detector. The number of photons

measured with the power meter and the integrated counts from the PMT detector provide a

quantitative relationship between the number of photons and counts.

a Incident light scattering b  Scintillator light scattering

Reference light (ex. 480 nm)

R

7~ 2N

Scintillated

Y Scattered
\ photons

10}29319

| photons

Joxaa;éq

X-ray excitation (<40 keV)
Figure 5.2. The scattering pattern of the incident light from halogen lamp (left) and the scattering pattern

of scintillated photons from CaF(Eu) scintillator.
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Lastly, the radioluminescence signals for each scintillator was measured using the PMT detector.

Using Equation 5.3, the number of scintillated photons was calculated.

Int. Area (counts)comm. scint __ Number of photonScomm. scint

Eq. 5.3

Int. Area (counts)incid. lamp light =~ Number of photonSincid. lamp light

5.3.4 Using commercial scintillators with known light yields to determine energy deposited

Our light yield method relies on the complete X-ray attenuation of commercial and sample
scintillators to ensure that the energy deposited in each material is equivalent. To show this, we
first placed a detector scintillator (e.g. Csl(Na)) inside the integration sphere and took
measurement of the scintillated emission (Fig. 5.3a). Next, the scintillator being tested for total
attenuation was placed outside of the integrating sphere (e.g. CslI(TI)) in the path of the X-ray
beam with the detector scintillator still inside of the integrating sphere to detect any X-ray
transmission (Fig 5.3b). If a signal was detected from the scintillator inside the integrating sphere,
then X-ray transmission through the outside scintillator was occurring and X-rays were not
completely attenuated. If no signal was detected from the scintillator inside the sphere, then the
scintillator outside of the sphere was indeed attenuating all of the X-rays. The cubic CaF2(Eu) and
CsI(TI) scintillators completely attenuated the X-ray beam as did two rows of six capillaries
containing Yb-doped CsPbCls powder and one row of six capillaries containing QD-doped

MAPbBT; (Fig. 5.4).
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Figure 5.3. Testing for total attenuation of incoming X-rays. a) A scintillator is placed inside the
integrating sphere and its scintillation emission signal is read by the detector. b) A second scintillator is
tested for total attenuation by placing it between incoming X-rays and the scintillator inside the
integrating sphere. No signal from the scintillator inside the integrating sphere is observed when there
is no transmission through the scintillator outside the integrating sphere.
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Figure 5.4. Total X-ray attenuation was shown for a) Csl(TI) and b) CaF2(Eu) using Csl(Na) as an X-
ray detector inside an integrating sphere. Total X-ray attenuation was also shown using c) two rows of
Yb-doped CsPbCls using Csl(Na) as the X-ray detector. d) one row of six capillaries filled with QD-
doped MAPDBTr; powder outside of the integrating sphere and a plastic scintillator as the X-ray detector.

Given that all X-rays are attenuated, the total energy deposited is equivalent for both
commercial scintillators and doped-perovskite scintillators. Further, the energy deposited value
should be independent of experimental parameters (i.e. slit widths). To ensure that arbitrary
experimental parameters chosen by the experimenter did not significantly affect energy deposited
values, four reference light points with varying intensities were used and cross-examined with
emission curves collecting with varying emission slit width. To confirm this, the excitation slit
width (0.75, 1, 1.25, 1.5 mm) and the emission slit width (10, 12, 13.5, 15 mm) were altered for a
total of 16 unique slit width conditions for both CaF>(Eu) and Csl(T1). The power readings for 435
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nm and 480 nm reference lights, which was coupled to the maximum emission wavelength of
CaF.(Eu) and Csl(T1), respectively, with varying excitation slit widths is shown in Fig. 5.5. While
not essential for the measurement, excitation slit width was observed to be proportional to power.

The radioluminescence intensities and integrated intensities of CaF2(Eu) and CsI(TI) commercial

scintillators are shown in Fig. 5.6.

a b
4
6 [ 435 nm reference light [ | 480 nm reference light ®
5f 3L
34 m E o
33 5 2
3 3
a2 u o ®
1 L
11 N @
0 I 1 1 1 0 1 1L I 1
0.75 1.00 1.25 1.50 0.75 1.00 1.25 1.50
Excitation Slit Width (mm) Excitation Slit Width (mm)

Figure 5.5. Power readings versus excitation slit width for a) 435 nm and b) 480 nm reference lights.
Power is directly proportional to the number of photons of a specific wavelength. The number of
incoming photons of the reference light used for light yield and energy deposited calculations was
varied by varying the excitation slit width on the spectrofluorometer.
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Figure 5.6. Radioluminescence curves and intensity changes of a) CslI(TI) and b) CaF2(Eu) using
different emission slit widths. Integrated areas of the radioluminescence curves for c¢) CsI(TI) and d)
CaF»(Eu) shows a linear relationship between slit width and detector response.

5.3.5 Non-proportionality correction

Standard reported light yields are those measured using 662 keV photon energies emitted
from radioactive *'Cs. For most materials, light yield values are wavelength-dependent (i.e.
change with excitation energy). When varying the wavelength, the light yield of scintillators
typically deviates from the light yield value measured using 662 keV photons; this phenomenon

is called non-proportionality. Because the X-ray source used in this study emits lower energy
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photons up to only 40 keV, energy deposited values were corrected for non-proportionality. The
uncorrected calculated energy deposited values are shown in Fig. 5.7. on the left. Energy deposited
values calculated from CaF2(Eu) and Csl(TI) were corrected using their respective documented
non-proportionalities relative to the light yield recorded using 662 keVV gamma-ray photons from
a ¥'Cs source. CaF2(Eu) suffers a 20% reduction in light yield at photon energies ranging between
10 and 40 keV while CsI(TI) exhibits a 15% increase in light yield. »? The energy deposited values
for both commercial scintillators are in good agreement regardless of excitation and emission slit
widths. After the non-proportionality corrections, the energy deposited values using two different
commercial scintillators with different light yields are in good agreement, bolstering confidence

in the calculated energy deposited value used in this study for light yield calculations.
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Figure 5.7. The calculated energy deposited values using commercial scintillators, CaF,(Eu) and

Csl(Eu), before and after a non-proportionality correction. The X-ray beam was completely attenuated
by both scintillators.
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5.3.6 Light yield of Yb*:CsPbCls

The light yield of Yb-doped CsPbCls was calculated using an energy deposited value of 2.4x10’
MeV, a conservative value obtained from the above experiments. We used a range of excitation
slit widths for the reference light and emission slit widths to show that the light yield measurement
of at least 100,000 ph/MeV was independent of experimental conditions, adding confidence to the
accuracy of our method (Fig. 5.8). Resolution of the radioluminescence emission spectra of Yb-
doped CsPbClz was not affected by increasing emission slit width over the chosen slit width range.
For large emission slit widths (7, 10 mm), signals from larger excitation slit (2, 2.5 mm) widths
approached saturation of the detector and were outside of the linear range of the detector, and thus

were omitted. From this, we conclude that the light yield of Yb-doped CsPbCls surpasses 100,000

ph/MeV.
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Figure 5.8. The calculated light yield values for 5% Yb-doped CsPbCl; under X-ray tube irradiation.
a) Light yield values with varying excitation and emission slit widths and b) the average and standard

deviation with varying emission slit width only.
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5.3.7 Light yield of QD-doped MAPbBTr3;

The light yields of QD-doped MAPDBr3 were calculated using an energy deposited value of

2.4x107 MeV, a conservative value obtained from the above experiments. Excitation slit widths

for the reference light was varied from 2 to 5 mm in increments of 0.5 mm to ensure that

experimental parameters did not affect light yield values. Power meter measurements of 1150 nm

reference light are plotted against excitation slit width, integrated area of the detector response

o

Power (uW)
E-N

-
T

o

3x10%

Number of Photons (a.u.)

w
T

N
T

1150 nm reference light [*]
@
[
* ]
Q
&
@
2 3 4 5

Excitation Slit Width (mm)

2x10"

1x10"

@
o
Qo
Q@
*
@
@
1 2 3 4 5
Power (uW)

Number of Photons (a.u.)

Integrated Intensity (counts)

5x10%
]
4x10%
"]

8
3x10 Q
2x10% - o

&
1x10%} Q
@
0 1
(] 1 2 3 4 5
Power (uW)
3x10"
Qo
o
2x10"
=
&
1x10" |
=
>
]
0 1 1 1 1
0 1x10° 2x10® 3x10® 4x10® 5x10°

Integrated Area (counts)

Figure 5.9. Reference light of 1150 nm was used to determine the light yield of QD-doped MAPbBTr3;

scintillators (QD size 3.8 nm). a) Excitation slit width was altered to vary the power (number of photons)

of reference light. b) The power of the reference light and the corresponding integrated intensity values

show that the detector response is linear for the selected intensities. ¢) The number of photons as

calculated from the power readings. d) The number of photons measured by the power meter was

correlated to the integrated intensities to illustrate the correlation between photons detector response.
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peak, and number of photons in Fig. 5.9a-c. A linear relationship between the integrated area of
the reference light peak as measured using the PMT detector is shown in Fig. 5.9d, demonstrating
that we are within the linear regime of the detector at this wavelength. A plot of the excitation slit
width and power meter readings of 1250 nm reference light and the linear relationship with

integrated counts from the PMT detector is shown in Fig. 5.10a-b.
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Figure 5.10. Reference light of 1250 nm was used to determine the light yield of QD-doped MAPbBr;
scintillators (QD size 4.3 nm). a) Excitation slit width was altered to vary the power (number of photons)
of reference light. b) The power of the reference light and the corresponding integrated intensity values

show that the detector response is linear for the selected intensities.

Emission slit width was not able to be varied using the selected wavelengths for reference light
(1150 nm, and 1250 nm for 3.8 nm and 4.3 nm QDs, respectively) due to detector saturation
restrictions. QD-doped MAPBBI3 scintillated emission was measured using a large emission slit
width of 12 mm, and thus the 1150 nm and 1250 nm reference light intensities were dampened
with neutral density filters of 2.0 and 1.0, respectively. The measured reference light intensities
were corrected with their documented wavelength-dependent transmission factors post-

measurement.
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Light yields were calculated for MAPbBrs doped with 3.8 nm and 4.3 nm lead sulfide quantum
dots (Fig. 5.10a-b) Calculated light yield values deviated slightly with varying excitation slit
width, but ultimately provided reasonably agreeable light yield values. The averages and standard

deviations of light yield values for QD-doped MAPDbBTr3 are documented in Chapter 7.
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Figure 5.11. Calculated light yield values of QD-doped MAPbBr; with QD size a) 3.8 nm and b) 4.3

nm. The spread of light yield values here were calculated using a range of reference light intensities.
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5.4. Conclusion

A methodology for measuring the light yield using a continuous spectrum X-ray source was
developed. X-rays ranging from less than 10 keV up to 40 keV produced via Bremsstrahlung
radiation was used to excite scintillators and the scintillated emission was measured using visible
and infrared region photomultiplier tube detectors. A reference light matching the maximum
scintillated emission in conjunction with power meter measurements was used to calculated the
number of scintillated photons. By assuming total attenuation of X-rays by all scintillators used in
this study, the amount of energy deposited in each material was equivalent. Using CaF2(Eu) and
CsI(TI) commercial scintillators with known light yields, the energy deposited value was
calculated and corrected for non-proportionality. Finally, the light yields of Yb-doped CsPbCls

and quantum-dot-doped MAPbBr3 was calculated.
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6.1 Abstract

Ytterbium doped cesium lead halides are quantum cutting materials with exceptionally high
photoluminescence quantum yields, making them promising materials as scintillators. In this work,
we report ytterbium-doped cesium lead chloride (Yb3*:CsPbCls) with an X-ray scintillation light
yield of 102,000 photons/MeV at room temperature, which is brighter than the current state-of-
the-art commercial scintillators. The high light yield was achieved based on a novel method of
synthesizing Yb%:CsPbCl; powders using water and low-temperature processing. The
combination of high light yield, and the simple and inexpensive manufacturing method reported

in this work demonstrates the great potential of Yb3*:CsPbCls for scintillation applications.
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Figure 6.1. Quantum cutting mechanism of Yb*":CsPhCl; for ionizing radiation detection.
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6.2 Introduction

Detection of X-ray photons is critically important in various fields, such as security,
medical radiography, industrial manufacturing and astronomy*->. Scintillators play key roles in
many of these applications by absorbing X-ray photons and emitting visible or near-infrared
photons for detection with conventional photodetectors. However, the state-of-the-art commercial
scintillators are manufactured using complex fabrication methods such as single crystal growth at
high temperature (~1700 °C) which make their cost prohibitively high for applications that require
large area detection.®’ Alternatives such as plastic scintillators®® can be inexpensively
manufactured into large dimensions at low temperature but they are not commonly used in high-
energy X-ray systems due to their low stopping power, low light yield and poor energy resolution
that do not meet the performance criteria.

Metal halide perovskites (MHPs) have recently been identified as promising scintillator
materials.’®!! MHPs are low-bandgap (1.6-2.2 eV) materials composed of high-Z atoms with
chemical composition of ABXs, where A = Cs*, CH3NHz*, etc., B = Pb?", Sn?" and X = CI, Br’, I
. With a combination of relatively high effective atomic number, high density and low bandgap,
MHPs are efficient hard radiation absorbers with potential light yields as high as 250,000
photons/MeV.**** MHPs are composed of entirely earth abundant, low-cost elements and can be
synthesized into single crystals, polycrystalline powders or thin films using simple solution
processing methods at low temperatures (25-150 °C). Therefore, MHP based scintillators are
expected to be drastically cheaper compared to current commercial scintillators.'® Even in highly
defective polycrystalline forms, MHPs exhibit low charge trapping due to defect tolerance.*%" For

this reason, charge carrier diffusion length can be as long as few microns in polycrystalline MHP
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powders synthesized at low temperature.’® These attributes can be exploited to obtain high
performance in optoelectronic devices such as solar cells and photodetectors.

However, pure MHP compositions by themselves have so far demonstrated limited
scintillation performance due to the low exciton binding energy in MHPs suppresses formation of
excitons and radiative recombination and liquid nitrogen temperatures were required to obtain
higher light yield.%® Formation of nanostructured MHPs into quantum dots or quantum wells to
increase the exciton binding energy has shown to increase the light yield?>?! but at the expense of
increased bandgap and drastic cost increase associated with nanoparticle synthesis. Moreover, pure
MHP composition scintillators suffer from the large overlap between photoluminescence and
absorbance spectra which causes reabsorption of emitted photons.

In this work, we sought to address all of the challenges mentioned above using ytterbium
(Yb®") doped cesium lead chloride perovskites (Yb**:CsPbCls) as scintillators. Doping of cesium
lead halide (CsPbXs) with Yb3* can boost the photoluminescence quantum yield (PLQY) above
100% through the quantum cutting process?>=° wherein one photon absorbed by the CsPbXs
matrix can be converted into two photons emitted from the Yb** dopants. The bright emission
through the quantum cutting process, combined with high atomic number compositions, makes
Yb3**:CsPbCls compelling for scintillator applications, and yet there has been no report on
scintillation from Yb%* doped MHPs. In this paper, we report a novel method of synthesizing
Yb3*:CsPbCls powders using only water as the solvent and mild thermal annealing (below 200
°C). Our manufacturing method can produce a large quantity of Yb**:CsPbCls powder in a low-
cost and scalable fashion. The Yb®":CsPbCl; powder can be sintered into any shape and size for
various target applications. Radioluminescence activity was optimized as a function of Yb doping

amount. The highest performance was achieved with 5 mol% Yb doping amount Yb3*:CsPbCls
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with light yield of 102,000 photons/MeV under room temperature operation, which is higher than
light yields of state-of-the-art commercial scintillators. The Yb®*:CsPbCls powder was pressed
into a pellet for radiographic imaging of various objects with a complementary metal-oxide-
semiconductor (CMOS) photodetector. Our results demonstrate the promising potential of
Yb3**:CsPbCl; for scintillators that can simultaneously achieve high performance, large area

detection and low-cost.

6.3 Results and Discussion
6.3.1 Fabrication of Yb**:CsPbCls powders

The Yb*":CsPbCls powder samples were prepared using simple solution processing with
water as the solvent, as illustrated in Fig. 6.2a. Stoichiometric amounts of cesium chloride (CsCl),
lead chloride (PbCl2), and ytterbium chloride (YbCIs) precursors were combined in de-ionized
water, stirred at 40 °C for one hour, after which the water was removed through evaporation at 65
°C. The resultant powder was then finely crushed in a mortar and pestle, and annealed at 200 °C
for one hour, with mechanical stirring and mixing during the process. Seven powder samples were

produced with varying Yb%* ion content from 0.5 mol% up to 60 mol%.

6.3.2 Structural and compositional characterization

The X-ray diffraction (XRD) patterns of the Yb**:CsPbCl; samples are shown in Fig. 6.2D,
along with a reference pattern of the orthorhombic structural phase (Pnma) of CsPbCls. The XRD
patterns from Yb3*:CsPbCls with less than 25% Yb®* content match well to the CsPbCls reference
pattern, in agreement with previous reports which show that Yb®* doping at low concentrations

retain the bulk CsPbCls crystal structure.3* The orthorhombic (Pnma) structure of these powder
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samples is consistent with Yb®*":CsPbCls powders formed through solid state reaction®! and
mechanochemical synthesis®> and is in contrast with the cubic (Pm? m) structure of

Yb®*":CsPbCls nanocrystals and quantum dots.?233-3 The well-matched patterns between CsPbCls
and Yb®*":CsPbCls at and below 5% Yb?" content, without any presence of peaks from precursor
materials and other possible phases, suggest that the Yb3* ions are incorporated into the CsPbCls
host lattice through placement into the Pb?" sites. The (101) peak location does not shift
significantly as a function of Yb3* amount, suggesting that the substitution of the smaller Yb*" ion
in the Pb2* position does not result in any significant lattice compression. In the 25%, 45%, and

60% Yb3:CsPbCls compositions, XRD peaks not matching to the CsPbCls structure were
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Figure 6.2. Synthesis and physical characterization of Yb®*:CsPbCl; powders. a) Schematic of
Yb*:CsPhCls synthesis process. b) X-ray diffraction patterns of Yb3**:CsPbCl; samples with different Yb
content and the orthorhombic phase of CsPbCls. ¢) Scanning electron microscopy image of a 5%
Yb3*:CsPbCls powder sample. d,e,f,g) Energy dispersive X-ray spectroscopy overlay of CI-, Pb**, Cs*, and
Yhb®,
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observed, indicating the presence of impurity species at these higher Yb®* doping concentrations.
These results show that our water based and low-temperature synthesis method results in high
purity Yb:CsPbCls with the Yb®" dopants substituted into the Pb?* sites in the lattice in Yb%*
concentrations at and below 5%.

The morphology of the 5% Yb*":CsPbCls powder is shown in the scanning electron
microscopy (SEM) image in Fig. 6.2c. The powder was found to be composed of micrometer scale
grains. Energy dispersive X-ray spectroscopy (EDS) images show that the CI-, Pb?*, Cs*, and Yb**
are distributed throughout the entirety of the grains (Fig. 6.2d-g). Few areas of higher
concentration of Cs* and Yb®" were observed (Fig. 6.2f-g) which suggests that there are some
regions of the samples with higher Yb®* concentration. The average surface elemental composition
of the 5% Yb3*:CsPbCls sample obtained through EDS shows that the Yb3* doping amount is close
to the stoichiometric amounts of precursor used in the synthesis based on the measured Yb®" to

Pb?* ratios (Table 6.1).

Element Nominal Mole Fraction Average Measured Mole Fraction
Cs 1 1.4499
Yb 0.05 0.0450
Pb 0.925 0.925
Cl 3 3.1856

Table 6.1. Elemental composition of 5% Yb3*:CsPbCls; powder, as measured by EDXS using
three averaged points with moles of Pb?* as the calculation reference.

106 |Page



6.3.3 Optical Characterization

The absorbance and photoluminescence spectra of 5% Yb**:CsPbCls sample are shown in
Fig. 6.3a. A spectrophotometer and a spectrofluorometer, both equipped with an integrating
sphere, were employed for these measurements to account for any light scattering in the powder
samples. Our results show that there is a large Stokes shift between the absorption onset at 440 nm
and the photoluminescent emission peak at 1000 nm. This is consistent with previous reports on
Yb®":CsPbCls wherein the light absorption occurs in the CsPbCls with the onset of 440 nm, and
the emission peak at 1000 nm originates from the 2Fs,—?F7;, transition in Yb3* ions.?2?® The
photoluminescence from the CsPbCls matrix at 406 nm is greatly suppressed as a result of efficient
sensitization with the Yb** ion dopants (inset in Fig. 6.3a). The emission wavelength of 1000 nm
is well-matched with silicon photodiodes that are cost effective and widely available for coupling
with scintillators in various applications. Moreover, the large Stokes shift is advantageous for
scintillator performance as it prevents the re-absorption of radioluminescence photons by the

material, enabling increased scintillator thickness without attenuating the emitted photon flux.
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Figure 6.3. Optical characterization and radioluminescence of Yb**:CsPbCl; powder. a) Absorbance
and photoluminescence of 5% Yb3":CsPbCls. b,c) X-ray radioluminescence spectra of 0.5%-5%

Yb®:CsPbCls and 5%-60% Yh**:CsPbCls.
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6.3.4 Scintillation performance of Yb®**:CsPbCls with varying Yb®* doping

Radioluminescence spectra of the Yb3":CsPbCl; samples were measured using a
spectrofluorometer equipped with a Moxtek MAGPRO X-ray source operating at 40 kV and 300
tA. To ensure consistent amounts of excited scintillator material and X-ray excitation conditions,
all Yb3*:CsPbCls samples in powder form were loaded into identical Kapton capillary tubes and
placed into an integrating sphere with consistent sample placement (described in detail in Chapter
5). Our measurements show a trend of increasing radioluminescence intensity from Yb**:CsPbCls
samples with increasing Yb®* ion content up to 5% (Fig. 6.3b). This is consistent with previous
papers that showed larger photoluminescent quantum yields in Yb** doped CsPbX3 with more
Yb® ions in the low Yb%" concentration regime.??? Our results indicate that similar behavior
occurs in radioluminescence emission as well. This is likely caused by more efficient sensitization
of Yb3* dopants due to larger number of Yb®" defect complex sites and reduced average distances
for charges to travel. However, at above the 5% Yb®* doping level, we observed the opposite trend
of decreasing radioluminescence intensity with higher Yb** concentration (Fig. 6.3c). We attribute
this to presence of impurity species based on our X-ray diffraction results (Fig. 6.2b), that show
an increased amount of impurity species with increasing Yb®* ion content above 5%.

An important performance metric for scintillators is the light yield, which is defined to be
the number of photons emitted per absorbed radiation energy. Given the same radiation source,
scintillators with higher light yield produce brighter radioluminescence emission for more
sensitive detection with photodetectors. In various applications such as medical imaging and
national security, sensitive detection of weaker intensity radiation is highly desired. The
scintillation light yields of our Yb®":CsPbCls samples, as well as commercially available reference

scintillators CaF2(Eu) and CsI(TI), were quantified using excitation from the X-ray source

108 | Page



operating at 40 kV and 300 pA (see Chapter 5). Consistent with the trend observed in the
radioluminescence spectra intensity as a function of Yb% amount, we found that the 5%
Yb3*:CsPbCls provided the highest performance with a light yield of 102,000 photons/MeV (Fig.
6.4a). This is a significantly higher light yield than the state-of-the-art commercially available
scintillators such as Csl(TI) with a light yield of 65,000 photons/MeV. The high light yield from
Yb?®":CsPbCls can be attributed to the combination of relatively low bandgap of CsPbCls, resulting
in greater charge carrier generation with high energy radiation absorption, long charge carrier
lifetime and diffusion length even in polycrystalline samples®® and bright emission from the
quantum cutting process.??-° Previous studies in the context of downconverters for solar cells have
found that Yb** doped CsPbXs exhibits luminescence saturation at increasing photoexcitation
fluences, limiting the emission of the material.??” To check whether our 5% Yb*":CsPbCls sample
is limited by the saturation effect, we measured the radioluminescence intensity as a function of
excitation X-ray flux. As shown in Fig. 6.4b, the photons emitted from the sample varies linearly
with the X-ray source current, indicating that saturation does not occur within the operating

conditions of the X-ray source employed in this study.

6.3.5 X-ray imaging with a polycrystalline pellet of Yb3*:CsPbCls

To demonstrate the applicability of our Yb*":CsPbCls for radiographic imaging, a
cylindrical pellet of the 5% Yb*":CsPbCls powder sample was manufactured by hydraulically
pressing the powder under 6 tons of pressure at 70 °C for 3 hours. Images of various objects under
X-ray irradiation formed on the scintillator pellet were captured using a Basler NIR GigE camera.

In Fig. 6.4c, a thumbtack is shown, in which the embedded metal pin inside the plastic head is
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clearly visible. Fig. 6.4d shows a micro-SIM phone card, in which the metal contact is

differentiated from the plastic casing.
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Figure 6.4. Radioluminescence performance and radiographic imaging of 5% Yb3*:CsPbCls. a) X-ray
radioluminescence spectrum of 5% Yb®:CsPbCls with light yield of 102,000 photons/MeV. b) Linear
radioluminescence response of 5% Yb**:CsPbClsas a function of X-ray source current. c,d) X-ray imaging

on surface of 25 mm pressed 5% Yb**:CsPbCl; powder pellet of a thumbtack, and a micro-SIM card.
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6.4 Conclusion

In summary, we have shown the first detection and application of radioluminescence in a
Yb?* doped cesium lead halide. Our water-based synthesis method produces Yb®**:CsPbCls powder
over a wide composition range that shows incorporation of the Yb3* dopant with high purity up to
a maximum of 5 mol%. The water evaporation and low-temperature annealing method presented
here is among the simplest methods of producing Yb3*:CsPbXs, but does not sacrifice the
crystallinity of the CsPbCls host lattice. The 5% Yb3*:CsPbCls scintillator has a large Stokes shift,
and the strong characteristic Yb®* emission at 1,000 nm. Suppressed CsPbCls excitonic emission
at 406 nm proves evidence of efficient transfer of charge carriers from the bulk lattice to the defect
Yb®* emission sites. Radioluminescence is exhibited by all Yb**:CsPbCls; samples and is optimized
at 5 mol% due to a balance of high Yb** ion content and high material purity. The champion 5%
Yb3*:CsPbCls composition has a measured light yield of 102,000 photons/MeV, which is higher
than those from the commercial scintillator options. Radiographic imaging was demonstrated

using a pressed powder pellet.
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6.5 Materials and Methods
6.5.1. Synthesis of Yb** doped CsPbCls powder

Cesium iodide (CsCl, >99.0%) was purchased from Tokyo Chemical Industry (TCI), lead
(1) chloride (PbCl,, 99.999%) was purchased from Alfa Aesar, and ytterbium (I11) chloride
hexahydrate (YbClz-6H20, 99.9%-Yb) was purchased from STREM Chemicals. The precursors
were combined according to the YbxCsPbi15«Cls stoichiometry, assuming 2Yb®*":1Vpy
substitution at the Pb?* B-sites, in Yb%" molar percents of 0%, 0.5%, 1%, 3%, 5%, 25%, 45%, and
60%. The precursors were dissolved in de-ionized water at a concentration of 5 g/L, and stirred for
1 hour at 40 °C. The solution was then transferred to a crystallization dish, and the water was
slowly evaporated off at a temperature of 65 °C while stirring. The resultant powder was finely
crushed using a mortar and pestle, transferred back to the crystallization dish, and annealed for 1
hour at 200 °C, stirring four times during the annealing process. The pressed powder pellet of 5%
Yb?*:CsPbCls was fabricated using a 25 mm pellet die and an Atlas Manual Hydraulic Press under

6 tons of pressure for 2 hours, while under vacuum at 70 °C.

6.5.2. Physical characterization

X-ray diffraction patterns of the Yb3*:CsPbCls powders were measured using an Empyrean
Multipurpose X-Ray Diffractometer with a Cu anode, at 45 kV and 40 mA with step size 0.02°.
Figure S1 shows the decreasing (101) peak intensity with increasing Yb3* molar concentration in
the Yb3*:CsPbCls samples. Scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy (EDXS) were measured on an FEI Quanta 650 Scanning Electron Microscope.
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6.5.3. Optical characterization

The steady state photoluminescence (PL) spectra of the 5% Yb3":CsPbCls samples were
measured using a PTI QuantaMaster 400 spectrofluorometer, using a Xe arc lamp excitation source
monochromatized at a wavelength of 405 nm. The absorbance of the 5% Yb®":CsPbCls sample
was measured using a PerkinEImer UV/Vis/NIR Lambda 950S spectrometer equipped with an

integrating sphere.

6.5.4. Radioluminescence characterization and light yield calculation
Materials

A Moxtek 60kV 12W MagPro X-ray Imaging Source was used for X-ray generation.
Commercial scintillators CaF2(Eu) and Csl(TI) were purchased from Epic-Crystal Co. with light
yields of 19,000 and 60,000 ph/MeV, respectively. Both commercial scintillators were grown via
the Bridgeman method and cut to be 25.4 x 25.4 x 25.4 mm?® cubes with all sides polished. An
acrylic glass cube with dimensions 25.4 x 25.4 x 25.4 mm? with all sides polished was purchased
from U.S. Plastic Corporation. Power meters equipped with a silicon photodiode (PM16-120)
and a germanium photodiode (PM16-122) were purchased from Thor Labs. A PTI QuantaMaster
400 spectrofluorometer equipped with a UV-Vis photomultiplier tube (PFR Technologies, LLC,
R2658) and NIR photomultiplier tube (Hamamatsu Photonics, H10330-75) was used to measure

radioluminescence and reference light signals.
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Light yield determination

The light yield of the Yb®":CsPbCls, reported in photons per MeV of energy deposited, was
determined in two parts. The energy deposited by the X-ray source was quantified using the known
light yields of two commercial scintillators, CaF2(Eu) and Csl(TI). The energy deposited values
were corrected for non-proportionality of CaF2(Eu) and CsI(TI) at the specific keV X-ray energies
produced by the X-ray source used in the measurement. To quantify the Yb**:CsPbCls photon
output, the power of a reference light source was correlated to the photomultiplier tube (PMT)
detector response; correcting for spectral sensitivity of the detector at different wavelengths.

Radioluminescence signals were obtained for the commercial scintillators and the
Yb3*:CsPbCls scintillators using the Moxtek 60kV 12W MagPro X-ray Imaging Source at 300 pA
and 40 kV. All scintillators studied were placed inside an integrating sphere and confirmed to
completely absorb the X-ray beam, which was collimated using the inlet of the integrating sphere.
All luminescence signals were determined to be within the linear range of the PMT detector and
within the documented operating range of the power meters. The reference light power
measurements were performed and cross-checked using both a silicon photodiode power meter

and a germanium photodiode power meter.

Powder sample preparation

Powder samples were packed into 12 Kapton capillaries purchased from Cole-Parmer
(0.0710” ID, 0.0750” OD, cut to a length of 50 mm). Capillaries were sealed on both ends with
Sigillum Wax Sealant purchased from Thomas Scientific and arranged into two rows of six, which

was confirmed to achieve total attenuation of X-rays.
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Quantifying photon output of scintillators

The photon output of the xenon lamp light source with a monochromator was used in
conjunction with a power meter and PMT detector to determine the photon output of the
commercial CaF2(Eu) and Csl(TI) scintillators and the Yb3*:CsPbCls scintillators. Wavelengths
matching the emission of commercial and Yb**:CsPbCls scintillators were selected for the
reference light power meter measurements, as detailed in Table S2. The reference light was
scattered in the same geometry as the scintillators. To match the commercial CaF2(Eu) and CsI(TI)
scintillators, the reference light measurement was performed with a polished glass cube with the
same dimensions and geometry as the commercial scintillators inside an integrating sphere. For
the Yb3*:CsPbCls scintillators, the reference light was scattered using CsPbCls powder in the same
capillary configuration and with the same geometry as the Yb®*:CsPbCls scintillator. The number
of emitted photons from each scintillator was calculated with calibration using reference light

power measurements and PMT detector counts.

6.5.5. Radiographic imaging

Radiographic images were captured using a Basler ace acA1300-60gm-NIR GigE camera
with a 4.5 mm C Series VIS-NIR fixed focal length lens. The images were captured on the surface
of the 25 mm 5% Yb**:CsPbCl; pressed powder pellet using the benchtop X-ray source at 40 kV

and 300 pA, and a 5.5 s exposure time.
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6.6 Contributions

Ashley Conley developed scintillation-related characterization methods. Katelyn Dagnall

developed the scintillator materials and performed structural and optical characterization. Joshua

Choi conceived the project.
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7.1 Abstract

High performance scintillators are essential for medical imaging, security, high-energy physics,
and others. Lead halide perovskites are attractive materials for ionizing radiation detection due to
their high X-ray absorption, defect tolerance, and high charge carrier mobility. Current scintillator
materials are expensive, typically grown as single crystals at high temperatures, whereas
perovskites are solution processible at low temperatures, allowing for scalable, low-cost, large-
area devices. We synthesize infrared-bandgap quantum-dot-doped perovskites that leverage
exceptional optoelectronic properties of perovskites and bright emission of quantum dots for
radiation detection. Complete attenuation of X-rays with energies up to 40 keV within 2
millimeters of material followed by efficient charge transfer to quantum dots for near-infrared
emission was demonstrated. Scintillated light property dependence on quantum dot loading
ranging from 0.01% to 1.0% was studied. A light yield of 37,400 + 2,500 phMeV™! at room
temperature was achieved, signaling usefulness of perovskite technology as cost-effective,

scalable, efficient scintillators.
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7.2 Introduction

Low-cost and efficient detectors for ionizing radiation, such as X-rays and gamma-rays,
are desirable in the fields of X-ray diffraction,! X-ray imaging,? security,® high energy physics,*
and others. Since the discovery of X-rays by Wilhelm Rontgen in 1895, X-ray detectors have
evolved to center on two main designs: electronic-based semiconductors that directly convert
photons to current and optical-based scintillators that down convert high energy photons to visible
photons that are coupled to a sensitive photodetector.>® Currently available scintillators, such as
the benchmark CsL:TI (light yield of 60,000 phMeV1)%7 or the state-of-the-art Luls:Ce*" (light
yield of 100,000 phMeV"),® are grown as single crystals using Czochralski or Bridgman processes
to eliminate defects that induce charge carrier trapping and diminish light output, resulting in
expensive products with limited application for large-area detectors.

Lead halide perovskites (LHPs) have desirable properties that are required for efficient
ionizing radiation detection and material scalability that can overcome limitations of current
technology. LHPs are composed of heavy atoms, such as lead, chlorine, bromine, and iodine,
resulting in a high effective mass, Zef;, that allows for strong interactions with high energy photons
and excellent stopping power whereby photons with energies up to 1 MeV have a penetration depth
of only ~1 centimeter.” !> LHPs are defect tolerant, exhibit charge carrier diffusion lengths of ~1
um, and have long charge carrier lifetimes, resulting in remarkably efficient devices which have
become revolutionary for many fields of optoelectronic-based devices.!>”'7 LHPs also offer
tunable optoelectronic properties based on material composition (e.g. Cl, Br, I) and the degree of
quantum confinement of layered perovskite structures (i.e. n=1 up to n=co layers).'*!” Moreover,
LHPs are composed of cheap, abundant materials that are solution processible at low temperatures

and can be fabricated as thin films, single crystals, and powders. The combination of these factors
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makes LHPs a compelling class of materials for cost-effective and potentially efficient alternatives
to current radiation detection technology.

Despite the advantages of LHPs, noteworthy radiation detection performances have so far
been limited to LHPs in the forms of 0D quantum dots,?°? 2D perovskites,”?* and single crystals
of 3D perovskites.”!*!?* Reduced dimensionality in the 0D and 2D LHP structures provides
quantum confinement of excitons, which increases exciton binding energies to more than 100 meV
and reduces thermal quenching.®? The theoretical maximum light yield of 2D LHPs exceeds
120,000 phMeV™!, yet experimental light yields were reported to be 6,000 and 9,000 phMeV-! for
(CeH13NH3)2Pbls and (EDBE)PbCls ((EDBE = 2,20-ethylenedioxy)-bis(ethylamine)) at room
temperature.” For 3D LHP systems, excitons have low binding energies less than 15 meV?¢ and
quickly dissociate into free carriers at room temperature, reducing radiative recombination and
resulting in light yields below 1,000 phMeV! at room temperature.’** While light yields exceeding
100,000 phMeV™! with sub-nano second decay times have been achieved for methylammonium
lead bromide (MAPbBr3), cryogenic conditions at 10 K were required.?’” 3D LHPs, such as
MAPDBT3, also suffer from small Stokes shifts between absorption onset and emission, resulting
in a partial re-absorption of emitted photons, which substantially reduces light emission and alters
optical properties.”®?’ Due to low thicknesses, thin film and nanocrystalline LHP-based devices
exhibit limited responsivity due to incomplete attenuation of high energy photons.!”** To increase
the probability of photon-material interactions, researchers have resorted to growing large single
crystals on the order of millimeters or centimeters in size to ensure that material thickness is greater
than photon absorption lengths, further pushing the field to rely on single crystals similar to already

commercialized products.’!7-!
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To overcome limitations of single-phase LHP scintillators, we embedded 3.8 nm lead
sulfide (PbS) quantum dots (QDs) in MAPbBr3 to exploit complementary properties of each
material: the defect tolerance, high stopping power, and long charge carrier diffusion lengths of
LHPs and the quantum confinement, high radiative efficiency, lower bandgap, and tunable near-
infrared (NIR) emission wavelength of quantum dots. Previously, Ning et al. synthesized thin films
with heteroepitaxial alignment of PbS QDs embedded in MAPbI; thin films with atom-scale
crystalline coherence and demonstrated remarkable charge transfer from perovskite to QDs.*
Here, we embedded PbS QDs in a MAPbBr3; matrix, a 3D LHP that is more stable under ambient
conditions,* at very low loading amounts of 0.01% to 1.0% by mass. Rather than using a thin film
geometry, we utilize a rapid, scalable powder fabrication method that provides sample sizes
capable of capturing larger fractions of ionizing radiation. Light yield is inversely related to optical
bandgap energy; by selecting a perovskite matrix with a lower energy bandgap of 2.2 eV, the
theoretical light yield is up to 190,000 phMeV!, much higher than materials with wide bandgaps
between 4 and 6 eV.%” We show that optical properties of each species are retained and efficient
charge transfer from LHP to QDs occurs even at very low QD loadings. We demonstrate the
dependence of scintillation light output on QD loading, with a maximum light output at 0.05% QD
loading with a light yield of 37,400 phMeV™! at room temperature. Lastly, we show proof of
concept that emission wavelength can be varied from 1100 nm to 1350 nm by embedding different
sized QDs and varying the QD loading, highlighting the potential to tune emission wavelength to
match spectral response of detectors. Our work provides an advancement toward the
commercialization of lead halide perovskite technology as cost-effective, efficient, and tunable
scintillators with light yields rivaling that of commercial scintillators under room temperature

operating conditions.
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7.3 Results and Discussion
7.3.1 Scintillator functionality of QD-doped MAPbBr;3

The scintillation functionality of QD-doped MAPbBr3 is shown in Fig. 7.1a. 3D LHP is
the main component by mass, and the majority of incoming X-rays are absorbed by the perovskite
matrix. As the primary hot electron dissipates energy to surrounding electrons, the secondary
excited electrons relax to energies near the LHP conduction band edge. Because the PbS QDs have
type I band alignment with respect to MAPbBr3, electrons and holes are funneled to QDs, which
act as emission centers for scintillated photons. The composite QD-doped LHP scintillator material
exhibits a large Stokes shift between the strong perovskite absorption onset in the visible region
and the emission of the QDs in the NIR region (Fig. 7.1b), preventing the self-absorption of
scintillated photons by the perovskite matrix. With small doping amounts of less than 1%,

reabsorption of NIR photons by other QDs is minimized.

MAPDBr; QD
emission emission

Absorbance (a.u.)
‘n‘e uoissiwg
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Figure 7.1. Schematic of QD-doped MAPDbBr; scintillation process a) Depiction of the functionality of
QD-doped MAPbBr3; upon absorption of X-rays. A cascade of charge carriers is generated by the
ionizing radiation and charge carriers are subsequently funneled into QDs for NIR emission. b) A large
Stokes shift between perovskite absorbance and QD emission prevents reabsorption of scintillated NIR
photons by the perovskite matrix, as shown by the absorbance of MAPbBr; and the emission of
MAPDBTr3 and PbS QDs.
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7.3.2 Fabrication of QD-doped MAPbBrs powder using anti-solvent crystallization

QD-doped LHP scintillators were fabricated using a bilayer solution ligand exchange to
form a single solution containing both the QDs and LHP precursor components. Scintillator
powders were subsequently crystallized upon injection into anti-solvent (Fig. 7.2, details in
Materials and Methods). In previously published procedures, the QD ligand exchange is typically
performed using a bilayer solution of N-dimethylformamide (DMF) or N-methylformamide
(NMF) and hexane or octane.’*>” We found that using NMF, which has significantly higher
polarity, for the single solution of LHP precursors and QDs after ligand exchange to be essential
for reproducibility. The NMF/octane bilayer solution method provided consistently functional

scintillators with emission full width at half maximum (FWHM) rivaling that of oleate-capped

- perovskite .. i
precursors +QDs

Pb
W#ER, species |

MAPbBr; *

@rv* S*  Oleate

Oleate-capped PbS
QDs in octane

QD ligand exchange: Anti-solvent Powder product
transfer to NMF addition formation

Increasing QD loading

Figure 7.2. Processing diagram for QD-doped MAPbBTr; scintillator powders. QDs undergo a ligand
exchange using a bilayer solution of polar and nonpolar solvents. QDs transfer to polar phase to yield
one solution containing QDs and perovskite precursors. Powders are formed rapidly via anti-solvent

crystallization.
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QDs whereas DMF/octane layering resulted in broadened emission peaks and irreproducible

scintillator performances.

7.3.3 Crystal structure and morphology of OD-doped MAPbBrs; powder
Scanning electron microscopy (SEM) was employed to characterize the particle size and
morphology of the QD-doped LHP powders. Particle sizes were observed to be 500 um (Fig. 7.3a-
b), with these large particles being comprised of smaller particles less than 5 um in size with a
cubic morphology, reflecting the cubic atomic structure of MAPbBr3 (Fig. 7.3¢-h). Particle size
generally decreased with increasing QD loading, which indicates increased nucleation rate

possibly due to heterogeneous nucleation on the surfaces of the quantum dots in solution.

Figure 7.3. Scanning electron microscope (SEM) images of scintillator particle size and morphology.
a) Particles of MAPbBr3; without QDs and b) with 1.0 % QD loading. Morphology of particles with
¢) with no QDs, d) 0.01%, e) 0.05%, ) 0.1%, g) 0.5%, and h) 1.0% PbS quantum dot loading.
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Figure 7.4. Structural analysis of QD-doped MAPbBr3. a) Powder X-ray diffraction of scintillator
powders with varying QD loadings. b) Peak shift of the (100) plane of MAPbBr3 upon the incorporation
of QDs. ¢) The d-spacing of the MAPbBr3 (100) crystallographic plane.

Crystal structures of the powders were characterized using powder X-ray diffraction. All
compositions of QD-doped LHP powders were highly-crystalline with the pm3m space group
cubic structure of MAPbBr3®® (Fig. 7.4a). Diffraction peaks of PbS QDs were not observable in
the composite powder samples, likely due to very low QD loading amounts by mass. Upon the
inclusion of QDs into the MAPbBr3; matrix, the (100) peak of MAPbBr3 shifted to lower angles,
indicating that a gradual expansion of the perovskite lattice occurred as the QD loading was
increased (Fig. 7.4b-c). The Pb-Pb distance for PbS is ~5.97 A,*? and thus the expansion of the
MAPDBT3 lattice is indicative of strain induced by QD incorporation and lattice matching at the
QD-perovskite interface. Our experimental results are consistent with studies that show that the
perovskite lattice is more likely to accommodate strain than the more rigid PbS lattice.’>>° With
1.0% QD loading, the MAPbBr3 lattice sustains 1.2% strain, and the lowest strain from pure

MAPDBT3; lattice was observed for the lowest QD loading of 0.01% by mass with 0.8% strain.
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7.3.4 Optical properties of quantum dot-perovskite composite powder

The absorption spectra of pure MAPbBr3, as-prepared oleate-capped QDs, and QD-doped
MAPDbBT13; powders were collected using a spectrophotometer equipped with an integrating sphere
(Fig. 7.5a) The oleate-capped QD absorption peak was observed at 1039 nm, characteristic of 3.8
nm diameter PbS QDs. For the composite material, characteristic absorption signatures were

observed for QDs and MAPbBr3 in the NIR and visible regions, respectively. The QD absorption
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Figure 7.5. Optical properties of QD-doped MAPbBT3. a) Normalized absorbance of scintillator powder
shows perovskite strong absorption in the visible region and QD absorbance peak in the NIR region. b)
Normalized photoluminescence of oleate-capped QDs and QDs embedded in MAPbBr;. Excitation light
with wavelength 830 nm was used to selectively excite QDs only. ¢) Photoluminescence of MAPbBr3
with and without QDs shows that perovskite emission is quenched with incorporation of QDs. d)
Photoluminescence of QDs embedded in MAPbBr; upon excitation of the perovskite matrix with 560

nm excitation light.
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was observed for QD loadings of 0.05% and higher only, showing increasing absorbance

correlated with increasing QD loadings.
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Figure 7.6. Absorbance peak analysis of QD-doped MAPbBr3; powders compared to preformed oleate-
capped PbS QDs before being embedded in perovskite matrix. a) Normalized absorbance peak of
oleate-capped PbS QDs and highest QD loaded samples with observable peaks. b) Full width half
maximum of absorbance peaks. ¢) Energy of PbS QD absorbance peaks with varying QD loading in

perovskite matrix.

Upon incorporation in the perovskite matrix, the QD absorption peak underwent a redshift
by 14 nm, 9 nm, and 26 nm for 0.1%, 0.5% and 1.0% QD loadings, respectively, relative to the
oleate-capped QDs and the QD absorption peak was also significantly broadened once embedded
in the MAPbBr; matrix (Fig. 7.6a), which is consistent with halide ligand exchange on the QD
surface.*****! Upon selective excitation of the QDs with 830 nm light, whereby an exciton is
generated within the QD, the QD emission peak was retained in the NIR region after incorporation
in the perovskite matrix at all loadings (Fig. 7.5b), exhibiting a bandgap of 1.08 eV. The QD
emission peak underwent a 0.04 eV redshift from 1153 nm for the oleate-capped QDs to ~1190

nm for QDs in the perovskite matrix but retained a FWHM of ~140 nm, indicating that the QD
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photophysical properties based on QD size was retained. Both the absorbance and emission of
QDs were slightly redshifted, which is consistent for QDs with a lead halide ligand exchange as
well as the higher dielectric constant environment of the perovskite matrix.*>*>* The
photoluminescence emission spectra of the QD-doped MAPbBr3; and pure MAPbBr3; are shown in
Fig. 7.5¢. The photoluminescence intensity of the MAPbBr3; matrix was drastically quenched for
QD-doped samples for all QD loading amounts, even at a low QD loading of 0.01%, indicating
efficient charge carrier transfer from the perovskite matrix to QDs and is consistent with previous
reports for QD-perovskite systems.>>4

To study QD emission with charge transfer from perovskite to QD, the perovskite matrix
was excited with 560 nm light at the absorption edge of MAPbBr3 (Fig. 7.5d). Because the valence
band (VB) maximum and conduction band (CB) minimum of PbS QDs are within the bandgap of
MAPbBBr3, we expected a single emission from QDs at ~1190 nm, similar to that observed when

selectively exciting QDs with 830 nm light. However, QD emission was substantially blueshifted

by nearly 200 nm at 0.01% and 0.05% QD loadings and redshifted by 50 nm at 1.0% QD loading.
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Figure 7.7. Deconvolution of two emission peaks observed when exciting QD-doped MAPbBr3 with
560 nm light, which excites both the perovskite matrix and QDs. Multipeak emission of MAPbBr;
doped with a) 3.8 nm and b) 4.3 nm QDs.
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A double peak was observed at 0.1% QD loading, which appears to be a convolution of a new
blueshifted peak at ~1005 nm and a peak at ~1170 nm corresponding to expected QD emission
(Fig. 7.7a). All QD emission peaks following charge transfer were broadened relative to emission
for selectively excited QDs using 830 nm light.

There is a ~0.2 eV energy difference between the two emission signatures observed at
~1005 nm and ~1200 nm. Exciplex state emission has been reported in perovskite-QD systems
arising from synergistic effects between the two materials whereby electrons from the perovskite
CB radiatively recombine with holes in the QD VB, resulting in a new broad emission peak.*°
Because this new emission peak is only observed for perovskite matrix excitation, our observations
suggest that exciplex emission at the QD-perovskite interface via radiative recombination may be
occurring between electrons in the QD CB and holes in the perovskite VB. Consistent with the
study, the new emission peak shifts when changing QDs size. The new emission peak red shifts
along with the expected QD emission peak when increasing QD size (Fig. 7.7b), which narrows
the QD bandgap and reduces energy differences between QD and perovskite VB and CB band
alignments. While previous reports of QD-perovskite composite materials have shown a single
emission peak corresponding to radiative recombination in the VB and CB of the QDs following
charge transfer, this was observed for systems with QD loadings much greater than 1% (i.e., 11%
to 28%).3> * In this study, the new emission peak is only observed for QD loadings of 0.01%,
0.05%, and 0.1%. At QD loadings 0.5% and greater, this feature is no longer observed; emission
of the composite material matches that of QD emission based on QD size with minor red-shifts
when further increasing QD loading and aligns with previous reports. At very low QD loadings, it
is possible that small QD populations may be overwhelmed with carriers produced in the

perovskite matrix and intensifies this inter-band emission. However, a thorough study would be
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required to confirm exciplex emission and identify underlying mechanisms. While the appearance
of this feature poses interesting research questions, it does not impact scintillator functionality and

is thus outside the scope of this study.

7.3.5 Effect of varying OD loading on scintillation light yield

The radioluminescence of QD-doped perovskite scintillators was measured using a table-
top imaging X-ray source that provides a continuum of X-ray energies up to 40 keV. A comparison
of the normalized spectra of photoluminescence of oleate-capped QDs, photoluminescence of QD-
doped MAPbBr3, and radioluminescence of QD-doped MAPbBr3 with varying QD loadings are
overlayed in Fig. 7.8. Spectral matching between photoluminescence and radioluminescence

indicates that characteristic QD emission wavelength is maintained under ionizing radiation
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Figure 7.8. Comparison of the spectral overlap of oleate-capped QD photoluminescence with the
photoluminescence of selectively excited QDs in MAPbBr; and radioluminescence with a) 0.01%, b)

0.05%, ¢) 0.1%, d) 0.5%, and e) 1.0% QD loading by mass.
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exposure. Radioluminescence emission peaks of QD-doped MAPbBr13 gradually redshifted with
increasing QD loading from 1129 nm (0.01% loading) to 1199 nm (1.0% loading) (Fig. 7.9a).
Because the perovskite matrix absorbs the vast majority of the X-rays, the strong NIR emission
provides a second indication of energy transfer from the perovskite matrix to the quantum dots.
Radioluminescence of MAPbBr3; with 0.01% QD loading exhibited a broadened emission peak
with a higher FWHM (264 nm) relative to the other samples (156-197 nm) (Fig. 7.9b). The energy
differences between the radioluminescence and photoluminescence emission peak (X-ray and 830
nm excitation, respectively) decreased with increasing QD doping (Fig. 7.9¢). Samples with lower
QD loadings showed a blueshift in emission under X-ray illumination (0.01%, 0.05%, 0.1%) while
the sample with highest loading (1.0%) exhibited a red-shift in emission. Total attenuation of X-
rays was achieved with two millimeters of QD-doped perovskite powder (Figure S15), and thus
we show that QD-doped perovskite scintillators exploit the excellent stopping power of LHPs in

addition to the narrow band emission of the quantum dots.
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Figure 7.9. a) Energies of the radioluminescence and photoluminescence emission peaks for QD-
doped MAPDBr; powders with varying QD loading as compared to the photoluminescence of as-
prepared oleate-capped PbS QDs. b) Full width half maximum (FWHM) analysis of
radioluminescence and photoluminescence emission peaks. c¢) Energy differences between
radioluminescence under X-ray illumination and photoluminescence with selectively excited QDs
with 830 nm excitation light.
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Figure 7.10. Depiction of QD emission at high and low loadings. a) Lower QD loading reduces the
number of emission sites. b) Higher QD loading increases probability of QD-QD interactions which

can quench QD emission.

As shown in Fig. 7.10, varying the QD loading alters the number of emission sites available
to charge carriers; lower QD loading increases interdot distances, i.e. the average distance charge
carriers need to travel to reach a quantum dot emission site, but simultaneously reduces the
probability of interdot interactions that quench QD emission.*”*® Due to the competing effects of
the number of emission sites and interdot interactions, we hypothesized that there exists an optimal
QD loading that maximizes scintillated photon output. With increasing QD loading,
radioluminescence emission red-shifts to longer wavelength (Fig. 7.11a). Radioluminescence
intensities of QD-doped perovskite scintillators with various QD loading amounts are shown in
Fig. 7.11b. Increasing the QD loading from 0.01% to 0.05% resulted in an increase in
radioluminescence intensity. Further increasing the QD loading from 0.05% to 0.1% resulted in a
slight decrease in radioluminescence followed by a substantial reduction in radioluminescence at
0.5% and 1.0% QD loadings.

To quantify the light yields of QD-doped MAPbBr3, we utilized a method using
commercial scintillators with known light yields to calculate energy deposited values and power

meters to quantify scintillated light output for visible and NIR scintillators; details of our procedure
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can be found in Chapter 5. As shown in Fig.7.11¢, a light yield of 37,400 = 2,500 phMeV~! was
achieved for the best performing scintillator composition with 0.05% QD loading, and the lowest
light yield was 5,800 + 400 phMeV-! for 1.0% QD loading. We note that all measurements were
conducted at room temperature, and all scintillators were polycrystalline powder samples. Our
results mark a significant improvement over currently reported perovskite scintillators that require

low temperature operating conditions and are limited to expensive nanostructured materials.
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Figure 7.11. Radioluminescence and light yields of QD-doped MAPbBTr; scintillators under X-ray
excitation. a) Normalized radioluminescence shows a gradual redshift in the emission peak with
increasing QD loading. b) Radioluminescence and c) light yields of scintillator powders with varying QD
loading showing a maximum signal and light yield for 0.05% QD loading in MAPbBrs.
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7.3.6 Effect of varying quantum dot size and loading on radioluminescence

To explore the tunability of QD-doped MAPbBr3 scintillators, we embedded a smaller (3.2
nm) and larger (4.3 nm) PbS QD into MAPbBr3. Changing QD size alters the degree of quantum
confinement which affects QD bandgap energy and emission wavelength (Fig. 7.12a). Varying
QD size and loading resulted in a range of radioluminescence emission from 1100 nm to 1350 nm
(Fig. 7.12b). QD size had the most prominent effect on QD-doped perovskite scintillation emission
wavelength. Due to significantly blueshifted emission at low QD loading and redshifted emission
at higher QD loading, a 50 nm shift in emission wavelength was observed when increasing QD
loading from 0.05% to 1.0% loading for both 3.8 nm QDs and 4.3 nm QDs. A maximum
radioluminescence signal was observed with 0.05% loading of the larger QD, the lowest loading
explored for this QD size, corresponding to a light yield of 17,000 + 1,200 phMeV™! (Fig. 7.12c¢).
Consistent with the results based on 3.8 nm PbS QDs, increasing the 4.3 nm QD loading above

0.05% resulted in a decrease in radioluminescence.
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Figure 7.12. a) Photoluminescence of as-prepared oleate-capped PbS QDs with varying sizes. b)
Range of radioluminescence emission of QD-doped MAPbBrz with varying QD size and doping
amounts. ¢) Radioluminescence signals and corresponding light yields of best performing scintillators

with optimal loadings using 3.2 nm, 3.8 nm, and 4.3 nm PbS QDs.
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7.4 Conclusion

Lead sulfide quantum dots were embedded in MAPbBr; lead halide perovskite using
solution-based crystallization methods to form polycrystalline scintillator powders for X-ray
detection. Structural analysis indicated expansion of the MAPbBT; lattice when incorporating PbS
quantum dots due to strain induced by lattice matching at the QD-perovskite interface. By
combining photophysical aspects of quantum dots and lead halide perovskites, we establish that
these composite heterocrystalline scintillators exhibit high X-ray absorption within the perovskite
matrix for charge carrier generation using only a few millimeters of material followed by efficient
charge transfer to quantum dots for NIR emission. Optical properties of perovskite and quantum
dot components were preserved in the composite scintillators. A maximum light yield of 37,400 +
2,500 phMeV™!' was demonstrated at room temperature for MAPbBr; doped with 0.05% PbS
quantum dots by mass. This work highlights the advantages of designing doped perovskite-based
composite scintillators that exploit properties of different optoelectronic materials. The tunability
of quantum dot emission could allow for spectral matching tailored to specific detectors, such as
further reducing QD size to achieve emission at visible wavelengths where it can be paired with
commonly used silicon detectors. With tunable optical properties in combination with solution
processability, quantum-dot-doped lead halide perovskites could be promising for scalable, low-

cost, large-area next generation ionizing radiation detectors with room temperature applications.
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7.5 Materials and Methods

7.5.1 Synthesis of oleate-capped PbS QDs

Lead(ll) oxide (3 mmol, 99.999%, Alfa Aesar), 15-60 mmol of oleic acid ( 90%, Sigma Aldrich),
and 1-octadecene (90%, Alfa Aesar) were added to make a 30 mL total volume solution in a three-
neck flask. To synthesize different sizes of QDs (3.2-4.3 nm in diameter), the molar ratio between
PbO and HOA was varied from 5:1 to 20:1 and the temperature of (TMS),S injection was varied
from 90-120 °C. The solution was stirred in the flask for 1 hour under vacuum at 130 °C until the
lead oxide was dissolved. Under Argon gas flow, the temperature was adjusted to 90-120 °C in
preparation for injection. In an Na-filled glovebox, 0.1 M of hexamethyldisilathiane ((TMS).S)
solution was prepared by mixing 378 pL of (TMS)2S in 18 mL of 1-octadecene (ODE). 15 mL of
0.1 M (TMS),S solution was taken out of the glovebox and quickly injected into the three-neck
flask. After 60-70 s, the reaction flask was submerged in an ice bath to quickly quench the
temperature of the reaction solution. During the purification process, unreacted species were
removed by a series of centrifuge steps after cleaning the product with methyl acetate and hexane.

The final QD was stored in solid form under N2 in a glovebox.

7.5.2 Synthesis of QD-doped MAPbBr3 powder:

Lead bromide (PbBr2, 99.999% trace metals basis), methylammonium bromide (MABr, >99%,
anhydrous), N-methylformamide (NMF, 99%), isopropylalcohol (IPA, 99.5%, anhydrous) and
octane (>99%, anhydrous) were purchased from Sigma Aldrich. Synthesis was performed in a
nitrogen filled glovebox in absence of water and oxygen. Perovskite precursor solutions with one
molar concentrations in NMF with 1.1:1 ratio of MABr:PbBr, were prepared and allowed to stir

until completely dissolved. Oleate-capped QDs were suspended in octane solution with a
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concentration of 10 mg/mL. An aliquot of QD solution was added to the top of the perovskite
precursor solution and fresh octane was added so that the vol:vol ratio of octane-to-NMF was 2:1.
The bilayer solution was stirred for 21 hours to allow for ligand exchange and QD transfer from
the nonpolar octane layer to the polar NMF layer with the perovskite precursors. The octane layer
was removed and washed three times with fresh octane using the same 2:1 ratio of octane to NMF.
The NMF solution containing quantum dots and perovskite precursors was injected into IPA at a
vol:vol ratio of 10:1 for IPA:NMF and powder products formed immediately. The powder was

washed three times with IPA and the powders were dried in a glovebox vacuum oven for two days.

7.5.3 Scintillator powder sample preparation

Kapton capillaries with an inner diameter of 0.0710” and outer diameter of 0.0750” were purchased
from Cole-Parmer. A clay sealant was purchased from Thomas Scientific to plug the ends of the
capillaries. Optically clear adhesive tape was purchased from Thor Labs. For scintillation
measurements using X-ray excitation, photoluminescence using 830 nm light, and absorbance
measurements, powders were packed into Kapton capillaries. For photoluminescence of lead
halide perovskites and quantum dots using 560 nm light, powders were mounted to glass slides

using optical tape.

7.5.4 Powder characterization

X-ray diffraction patterns were collected using an Empyrean Multipurpose X-ray Diffractometer
equipped with a Cu anode using a step size of 0.015° with parameters set to 45 kV and 40 mA.
Morphology of particles were determined using a FEI quanta 650 scanning electron microscope.

Steady state photoluminescence measurements were conducted using a PTI QuantaMaster 400
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spectrofluorometer equipped with two detectors, a R2658 Visible PMT detector and H10330-75
PMT NIR detector, and a Xe arc lamp excitation source (560 nm and 830 nm bandpass filters were
used). Absorbance spectra were collected using a PerkinElmer UV/Vis/NIR Lambda 950S

spectrometer with an integrating sphere.

7.6 Contributors

Joshua Choi and Heung-Sun Lee conceived the study. Ashley Conley developed and optimized
the synthesis procedure, performed optical and structural measurements, performed and designed
light yield methodology, and performed data analysis in this study. Ephraiem Sarabamoun
performed morphological measurements. Ephraiem Sarabamoun and Lucy Yoon fabricated
quantum dots. Katelyn. assisted in material development. Haritha Hajeev assisted in structural

measurements.
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Chapter 8: Future Outlook

8.1 Exploring new 2D perovskite/organic semiconductor pairings
8.1.1 Utilizing other 2D perovskites

At this point, two-dimensional perovskites were successfully implemented as crystalline
surfaces with tunable ligand molecule and density. Six perovskites were used in the study, as
described in detail in Chapter 2. However, there are many more perovskites with different ligands
that have not yet been explored. Perovskites used in our study were terminated with phenyl groups,
which provided a non-polar surface termination that matched well with toluene solvent and
allowed for continuous thin film fabrication due to good wetting between the perovskite surface
and the toluene solvent. However, many ligands have been employed to make two-dimensional
perovskites with other terminating groups, such as long chain saturated carbons or fluorinated
phenyl groups. Many other perovskite structures that are already reported in literature have not yet
been explored in the context of templates for organic semiconductor crystallization. There is an
opportunity to tailor the terminating functional group to specific organic semiconductor molecules

to maximize interfacial interactions between the perovskites and organic semiconductors.

8.1.2 Enhancing singlet fission timescales in less efficient organic small molecules

The organic semiconductor selected for this study, TIPS-pentacene, was a good candidate
for testing 2D perovskites as tunable surfaces for small molecule crystallization because TIPS-
pentacene has been shown to adopt many different crystalline structures already. TIPS-pentacene

crystal structure has been tuned via deposition parameters, temperature, and thin film thickness. In
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this regard, TIPS-pentacene was an ideal molecule to demonstrate proof of concept that 2D
perovskites could be substituted for traditional self-assembled monolayers, such as silanes, with
the added benefit of surface tunability. With its many structural possibilities, TIPS-pentacene was
promising to capture the effects of varying ligand molecule termination and ligand density.
However, TIPS-pentacene undergoes exceptionally efficient singlet fission. It would be
advantageous to now extend this works to use 2D perovskites to tune the crystal structure of less-
efficient small molecule organic semiconductors to enhance singlet fission properties, such as

triplet state formation, triplet-triplet separation, and/or triplet diffusion.

8.2 Quantum dot doped lead halide perovskites
8.2.1 Creating a well-matched interface between 3D perovskites and QDs

Functional quantum-dot-doped lead halide perovskite powder scintillators with emission dictated
by quantum dot size were fabricated using anti-solvent crystallization. In order for charge carriers
to be injected into embedded quantum dots efficiently, a defect-free, well-matched interface
between the two materials is required. However, the quality of the interface is affected by many
factors such as the quantum dot size, the crystallization method, and the quantum dot surface
termination. While functional scintillators were fabricated, the anti-solvent crystallization method
may have introduced undesired strain from the quick, kinetic trapping of metastable structures in
addition to the lattice mismatch between the lead sulfide lattice and MAPbBTrs. First, future works
could focus on better controlling the rate of crystallization to enhance seeded-growth of the
perovskite matrix on the quantum dot surfaces through means of changing the solvent or
evaporation rate during crystallization. Second, future works may focus on using MAPDI3 as the

perovskite matrix, which has been shown to have better lattice matching with the lead sulfide
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lattice than MAPDBTr3. Perhaps a mixed halide perovskite matrix could be used that incorporates
both bromine and iodine into the perovskite structure. Third, quantum dots have different ratios of
crystal facet termination on its surface based on quantum dot size. Larger quantum dots tend to be
more cuboctahedron with more of its surface area being terminated with the (100) crystal facet
while smaller quantum dots are more octahedral in shape with more of its surface being terminated
with the (111) crystal facets. The (100) crystal facet of lead sulfide is the surface that matches with
the perovskite lattice well. Future studies could explore the relationship between the crystal
faceting of quantum dots and the efficiency of charge transfer across the quantum-dot-perovskite
interface. Optimizing the quantum dot/perovskite interface could enhance charge transfer and lead

to brighter quantum-dot-doped perovskite scintillators.

8.2.2 Utilizing QDs with NIR emission within range of silicon PMT detectors

A disadvantage of utilizing quantum dots that emit deep in the NIR (i.e. at wavelengths
greater than 1100 nm) is that the scintillator must be coupled to expensive Ge or InGaAs detectors
and cannot be coupled to widely-used, popular silicon-based PMT detectors. One avenue to
overcome this limitation is to reduce scintillator emission to wavelengths less than 1100 nm, which
is the highest wavelength of light that can be absorbed by silicon. Because quantum dot emission
is based off of quantum dot core size, embedding smaller quantum dots is a potential solution to
this problem. However, for unknown reasons, preliminary results showed a sharp reduction in
radioluminescence when embedding quantum dots into MAPbBr3 that were less than 3.8 nm in
diameter. Future works could focus on identifying the underlying reason for this observation. It is
possible that for smaller quantum dots, the band alignment between the two materials no longer

supports electron and hole transfer into the quantum dot, resulting in an unwanted separation of
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the charge carriers which is the reason for quenched emission. If this is the case, a perovskite with
chlorine composition would provide a wider bandgap and possibly re-establish type | band
alignment. Another potential reason for the reduction in radioluminescence is that the (111) crystal
facet dominates the quantum dot surface and is preventing lattice matching with the perovskite
matrix, as discussed above. In this case, a synthesis would be required such that the (100) crystal
facet dominates the surface of smaller quantum dots. This would likely be difficult, but would be
beneficial to charge transfer across the interface while allowing for the coupling of quantum-dot-

doped perovskite scintillators to silicon-based PMTs detectors.
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