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ABSTRACT OF THE DISSERTATION
Fundamental Studies of Two-Dimensional Semiconductor Nanoplatelets:

Exploring Photophysics and Synthesis via Kinetic Monte Carlo Method

Xuanheng Tan
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2024

Professor Justin Ryan Caram, Chair

Semiconductor nanoplatelets (NPLs) are a type of two-dimensional (2D) nanomaterials
with quantum confinement in the dimension of thickness. Similar to quantum confined quantum
dots (QDs), photophysical properties of NPLs depends strongly on their thickness, but their large
size in the unconfined lateral dimensions give rise to their other unique properties. The special 2D
geometry also requires anisotropic synthesis in the colloidal solution. In this thesis, I study the
photophysical properties and anisotropic growth by combing experiments with a powerful tool of
kinetic Monte Carlo methods.

Chapter 1 provides a review of the development of quantum confined nanocrystals on
including discussions on their photophysical properties and anisotropic growth, gives a brief
introduction to the kinetic Monte Carlo methods, and proposed some challenges in the field this

thesis aims to address.



In chapter 2, we propose a quantitative model of fluorescence quenching based on energy
transfer mechanism of Forster Resonance Energy Transfer (FRET) for binary mixtures of
nanocrystals in colloidal solutions in the short-wavelength infrared (SWIR) region. This model is
used to explain the fluorescence quenching of long-lifetime lead sulfide (PbS) quantum dots (QDs)
mixed with plasmonic covellite copper sulfide (CuS) nanodisks (NDs), which serve as perfect
fluorescent quenchers. By applying kinetic Monte Carlo methods which consider particle
distributions and diffusion we are able to quantitatively reproduce experimental data which shows
significant quenching at very small concentrations of NDs. The high concentration case is
examined by conducting similar mixing experiments of mercury telluride (HgTe) NPLs and QDs,
where we specifically discuss the impact of geometry on the distance dependence of energy
transfer efficiency.

Chapter 3 deals with a classic yet still puzzling phenomena in single-nanocrystal:
photoluminescence intermittency (blinking). We apply Marcus theory of electron transfer to the
blinking model of carrier trapping and detrapping, with meticulous mathematical analysis and
kinetic Monte Carlo modeling. With canonical distribution of trap state energy, we quantitatively
explain the difference between on and off time statistic in blinking cadmium telluride (CdTe)
NPLs, as well as the temperature dependence of their quantum yield.

In chapter 4, we focus on the anisotropic growth of NPLs, more specifically the different
behaviors between cadmium selenide (CdSe) and cadmium telluride (CdTe) NPLs in terms of
thickness selectivity and lateral size. We propose a simple kinetic model with 3 most important
energetic parameters, on which kinetic Monte Carlo simulations of lattice are based. Using
population percentage and evolution of size distribution from correlation function analysis, we

offer a reasonable answer to questions regarding the difference of CdSe and CdTe NPLs.



Finally, in chapter 5 we describe some of our ongoing effort towards further understanding
of NPLs and QDs of interest, including using machine learning (ML) method to assist the
optimization of synthetic conditions of NPLs and an in-depth study of correlation growth/ripening

mechanisms with size distribution of QDs.
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Chapter 1
Introduction to Two-Dimensional Semiconductor Nanoplatelets and Kinetic

Monte Carlo Method

1.1 History of Quantum Confined Semiconductor Nanocrystals (NCs)

It has been over 40 years since the first synthesis of small semiconductor crystallite, more
commonly known as “quantum dots (QDs)”, a category of materials with sizes on the scale of
several nanometers, and discovers of which were awarded The Nobel Prize in Chemistry in 2023.
In 1981, Aleksey Ekimov and Alexei Onushchenko first studied small crystalline phase of copper
chloride (CuCl) dispersed in insulated transparent glass matrix.! Independently in 1983, Louis
Brus reported the synthesis of small crystalline cadmium sulfide (CdS) in colloidal solution.?
Along with the progress in experiments, theoretical efforts have also been made since 1982 to
understand the optical features of QDs, which is believed to inherit the properties of bulk materials
possessing the same chemical compositions, with additional influence from the small size effect.
To describe the formed bound state of an exciton when an electron is promoted across the band
gap to conduction band in a semiconductor, creating a positively charged hole in valence band, we
use the hydrogenic Hamiltonian:

2 2 2
ﬁ:_h Vz—h 2 e
thh e

(1.1)

SIT‘e - Thl
where m;, and m, are the effective mass of hole and electron, respectively, and the third term

describes the Coulomb interaction between electron and hole.? The size effect of a semiconductor

- . . n2e
depends on 2 characterizing distances, namely the electron Bohr radius a, = — and the hole
e

. h2g
Bohr radius a, = —;.
mpe

4 When the size of crystallite is reduced to be less than the electron and

hole Bohr radius, the quantum confinement effect due to the small size starts to play a role in the
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quantization of the states (Figure 1.1a).> This can be captured by simply considering the model of

particle in a spherical box, where the energy of bound states depends on the size of the box (namely

QDs):
h?m?n?
En = W,Tl = 1,2,3, (12)
where p = —¢ is the reduced exciton mass and R is the radius of the spherical QDs. Under

Mme+mp
above circumstances, more specifically in the regime of strong confinement, the Coulomb

interaction term in equation (1.1) is small and can be treated as a perturbation.®’” The expression

for energy of the lowest excited states of QDs is then given by:

E—F +h2n2 1.8e? (1.3)
9 " 8uR?  ¢€R '

where Ej is the bulk band gap. The second and third term represents the quantum confinement

energy and Coulomb interaction, respectively. This reflects the increase in the spectral energy

when decreasing the size of QDs (Figure 1.1b).

a b
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Figure 1.1 Quantum confinement effect in semiconductor nanocrystals (NCs). (a) Comparison among
electronic states of molecule, semiconductor nanocrystal and bulk semiconductor. (b) Size dependence of
absorption (left) and fluorescence (right) spectra of cadmium selenide (CdSe) NCs. The photon energy
increases with decreasing sizes. Adapted from Ref 8, copyright 2010 American Chemical Society.?

In 1993, Moungi Bawendi and coworkers successfully synthesized monodisperse cadmium
chalcogenide (CdX, X = S, Se, Te) QDs through a simple route based on pyrolysis of

organometallic precursors by fast hot injection into a coordinating solvent, resulting in sharp



absorption and strong emission features due to organic capping ligands.® Simultaneously in early
1990s, another approach to mitigating the emergence of mid-gap states in QDs was applied in the
synthesis by adding extra layers of inorganic composite, namely the core/shell structure.!®!* In
1996, the two strategies above were combined to produce high-quality core/shell QDs with
monodisperse core materials, including CdSe/ZnS QDs and CdSe/ZnSe QDs, which showed
strong fluorescence insensitive to environmental exposure.!*!> The invention of core/shell
structure also opened up more opportunities of band-gap engineering of QDs through the band
alignment between core and shell materials.®

Since the discovery of QDs in 1980s, the scope of these materials has been significantly
expanded in terms of chemistry and morphology. QDs with various chemical compositions
including some alloyed systems have been successfully synthesized, bringing an extensive amount
of color in electromagnetic spectrum into the world of nanomaterials (Table 1.1). Other
breakthroughs took place in the morphology of NCs through transitions from QDs, known as

Table 1.1 Type and Chemical Compositions of Semiconductor Nanocrystals (NCs)

Type Chemical Compositions Reference

I-VI CuxS, CuaxSe, CuzxSeiySy Ref 16-2016-2°
AgS, Ag)Se, Ag,Te Ref21-2821"28

[-VII CuCl, AgBr Ref 1, 29-321:29-32

[-II-IV-VI  Cu2ZnSnS4, Cu2ZnSnSe4, CurZnSn(Si-ySey)s, CuaZn(Sn;.
(Gex)(S1.ySey)s
Ag>7ZnSnS4, AgrZnSnSeq Ref 40-4240-4
I-III-VI CuAlS,, CuGaS,, CuGaSes, CulnS,, CulnSe;, CulnTe,,
Cu(Ini-xGax)Sez, CuFeS», CuFeSe;
AgGaS,, AgGaSes, AgInS,, AgInSe,, AgInTe, AgFeS» Ref 51-56°1-%¢

Ref 33-393337

Ref 43-50%70

I1-VI MX (M = Zn, Cd, Hg; X =S, Se, Te), ZnO Ref 57-63763

CdixZn«Se, CdSeiyTey Ref 64, 656465
-V GaAs, InP, InAs Ref 66-69°6-%°
1\Y Si, Ge Ref 70, 717%7!
IV-VI PbS, PbSe, PbTe, PbS;,Sey Ref 72-757>7
Perovskite ~ CsPbXs, CsSnX3, MAPbX;, FAPbX; (X = Cl, Br, 1) Ref 76-79767°

* MA = methylammonium, CH3NH3"; FA = formamidinium, HNCH=NH;".
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zero-dimensional (0D) materials due to confinement in all 3 dimensions, to other low-dimensional
NCs including one-dimensional (1D) materials like nanowires and nanorods as well as two-
dimensional (2D) materials such as nanosheets and nanoplatelets (NPLs). Anisotropic growth of
these non-QDs materials usually involves careful control of monomer concentration and selective
binding of capping ligands in solution-based synthesis, vapor-liquid-solid (VLS) and vapor-solid-
solid (VSS) mechanisms in chemical vapor deposition (CVD), vapor-solid mechanism without
using catalysts in physical vapor deposition (PVD), or templated growth through CVD,
electrodeposition and atomic layer deposition (ALD).8% In particular, our interest in the field is
focused mostly on II-VI and IV-VI nanocrystals, including CdSe NPLs, CdTe NPLs, HgTe NPLs,
HgTe QDs and PbS QDs.

Until nowadays, semiconductor NCs have been not only studied in the laboratories, but
also utilized in a variety of scientific and technical applications, including photodetector, quantum
information, light-emitting diodes (LEDs) and display, photocatalysis, photovoltaic energy
conversion, bioimaging and biosensing, medical diagnosis and therapy, etc.”’"''® With further
understanding and development of these materials, they will make more significant impact on
every aspects of our life.

1.2 Photophysical Properties of Two-dimensional (2D) Semiconductor Nanoplatelets
(NPLs)

2D semiconductor NPLs are also influenced by the quantum confinement effect similar to
QDs, but the confinement only takes effect in the dimension of thickness, leaving NPLs two
degrees of freedom in other two unconfined dimensions. In fact, the dimensionality of NCs plays

an important role when considering their density of states (DoS), resulting in different spectral

features. DoS of bulk (3D) semiconductor materials follows the functional form of VE, while DoS



of nanoplatelets (also known as quantum well; 2D), nanowires (1D) and QDs (0D) take the form
of 8(E) (step functions), \/if and §(E) (delta functions), respectively (Figure 1.2a).!'” As a result,
spectra of semiconductor NPLs demonstrate thickness dependence similar to QDs (Figure 1.2b).
Consisting of excitonic and continuum features, the absorption spectra of NPLs are further
complicated by their band structures, where the valence band is split into three sub-bands: heavy-
hole (HH), light-hole (LH) and spin-orbit (SO) bands, (Figure 1.2¢).!'®!"” The extinction
coefficients (E), a measure of light absorption on the basis of per particle or concentration, are
generally much higher for NPLs than QDs with same chemical composition due to the large lateral
area of NPLs.!?° Peak positions in absorption spectra are also dependent on the dielectric
environment of the NPLs, as a result of changing exciton binding energy.'?!

The photoluminescence (PL) spectrum is another intriguing realm of the photophysical
properties of NPLs. Similar to absorption spectra, PL traces show thickness-dependent emission
energy (Figure 1.2b). Broad features with photon energy lower than band gap can be commonly
observed in PL spectra, as a result of mid-gap emission arising from surface defects or doping. 2>~
124 Mid-gap emission can be mitigated by introducing strong passivating ligands or core/shell and
core/crown structures in synthesis, improving quantum yield (QY) of NPLs as well.'?"1?® Unlike
QDs which suffer from PL broadening due to size polydispersity, the line width of ensemble of
NPLs has much smaller discrepancy with that of single-NPL, due to precise synthetic control of
thickness of NPLs (Figure 1.2d).!'® Another characteristic feature in emission spectrum of single-
NPL is PL intermittency (blinking), a phenomena of temporal fluctuations of PL intensity even
under continuous radiation that is also existing in single-QD (Figure 1.2¢).'2%1?° Blinking is often

attributed to trapping and detrapping of charge carriers that switches the system between on-state

cycling of absorption and fluorescence and off-state cycling of absorption and non-radiative Auger



recombination.'?%!3!, Further explorations on the mechanisms of blinking will be given in chapter
3. Dynamics of NPLs show a temperature dependence where fluorescence lifetime decreases at
lower temperature, which is considered to be a unique feature of giant oscillator strength because
exciton scattering by phonon is suppressed at lower temperature, enlarging the coherent area of

exciton motion to the entire lateral extent of NPLs (Figure 1.2f).!18:132
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Figure 1.2 Photophysical properties of semiconductor nanoplatelets (NPLs). (a) Density of states for
semiconductors with different morphology (degree of freedom). (b) Absorption and PL spectra of CdSe
NPLs with different number of monolayer (ML) and thickness. (c¢) Band diagram of semiconductor NPLs
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showing split valence band. (d) PL spectra of CdSe NPLs solution and single-NPL showing nearly identical
linewidth. (e) Time traces for PL intensity of single CdSe/CdS core/shell NPLs showing PL intermittency
(blinking). (f) Temperature dependence of fluorescence lifetime of CdSe NPLs. (g) PL spectra of QDs-NPLs
donor-acceptor system demonstrating FRET process. (h) Second-order PL intensity correlation measured
for a single CsPbBrs NPL with features of antibunching. Figure a adapted from Ref 117, copyright 2002
World Scientific Publishing Company.''” Figure b, ¢ and f adapted from Ref 118, copyright 2011 Springer
Nature Limited.'"® Figure d adapted from Ref 133, copyright 2012 American Chemical Society.'33 Figure e
adapted from Ref 126, copyright 2013 American Chemical Society.'?® Figure g adapted from Ref 134,
copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.'3* Figure h adapted from Ref 135,
copyright 2020 American Chemical Society.3%

Some photophysical properties of NPLs are advantageous when considering practical
utilizations of the materials. For example, due to the large extinction coefficient, NPLs typically
have high rates of Forster resonance energy transfer (FRET), making them promising materials for
optoelectronic applications (Figure 1.2g).!3*13¢ Efforts towards the quantitative elucidation of
FRET processes in binary solutions of nanocrystals will be presented in chapter 2. An alternative
approach is the Dexter energy transfer (DET) processes in organic-NPL hybrid composite where
energy harvesting is made possible through upconversion.'?” Last but not least, NPLs also have
the potential to be used as single-photon emitters in quantum information for their narrow spectral
features and convenient scalability (Figure 1.2h).!3%138.139
1.3 Growth Mechanisms of Two-dimensional (2D) Semiconductor Nanoplatelets (NPLs)

The first synthesis of quantum well structure was achieved by Joo et al. in 2006 where
CdSe nanoribbons with quantum well structure were produced through solution-phase
synthesis.'*’ In 2008, the 2D CdSe NPLs with relatively large 2D area were first successfully
synthesized by Ithurria et al. in colloidal solution.'?* Similar to QDs, core/shell structure were
synthesized in solution using CdSe NPLs as core materials and shell materials growing on both
top and bottom facets.!*!"!4> Another type of heterostructures related to NPLs, namely core/crown
structures have also been synthesized where the growth of shell only extends the lateral area of

NPLs cores without changing thickness.'#~!%> Other than traditional solution-based synthesis of

core/shell heterostructures, a method called colloidal-ALD (c-ALD) has also been used, where



self-limiting half reactions of depositing cations and anions are sequentially carried out through
phase-transfer or proper ligand passivation.'*® For NPLs with some chemical compositions that
are challenging for direct synthesis, an alternative approach of cation exchange has been used to
achieve 2D morphology.'*”1*® Effort has also been dedicated to expanding the lateral area of NPL

through a technique of seeded growth.!'*’
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Figure 1.3 Mechanisms of anisotropic growth of 2D nanoplatelets (NPLs). (a) LaMer model of nucleation
and growth. (b) Templated growth of 2D CdSe nanosheets with lamellar structures. (c) Self-assembly and
oriented attachment mechanism of the growth of CdSe NPLs. (d) Quantitative model of anisotropic growth
based on energy change for different dimensions. Figure a adapted from Ref 150, copyright 2015 The
Royal Society of Chemistry.' Figure b adapted from Ref 151, copyright 2009 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.'5" Figure ¢ adapted from Ref 152,copyright 2017 American Chemical Society. 52
Figure d adapted from Ref 153, copyright 2017 Macmillan Publishers Limited, part of Springer Nature.53

Beyond synthetic procedures, the underlying mechanisms of anisotropic growth is of great
interest. The general theory that is used to describe the growth of NCs is the LaMer model, where
the synthetic reactions of NCs are considered to be a 3-phase process: in the first phase, the
precursors decompose and react to form monomers, resulting in rising of monomer concentration;
in the second phase, when the monomer concentration accumulates to exceed the minimal
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concentration of “burst nucleation”, the activation barrier for nucleation is overcome and the
monomers start to coalesce into nuclei clusters, causing the monomer concentration to decrease;
in the last phase, the nucleation stops and the monomers only attach to existing nuclei to grow NCs
(Figure 1.3a)."°° The relatively simple LaMer model was used to describe the synthesis of crystals
and QDs with isotropic spherical shape.'** For anisotropic growth of 2D NPLs, it is important to
clarify the possible mechanisms of shape control. One of the proposed models is inspired by the
fact that the choice of ligands is highly influential in determining the shape of NCs.!*>'*7 The
templated growth model is based on the formation of lamellar templates by dissolving precursor
in organic ligands (Figure 1.3b).!°!15% Another mechanism proposed that the formation of 2D
structures was achieved by self-assembly of nuclei in the growth step, namely oriented attachment,
where adjacent clusters rearrange to certain orientations to form NPLs by decreasing the surface
energy at the interface (Figure 1.3¢).!>>!>® Riedinger et al. proposed a model of quantitative
analysis on energy change for different dimensions (Figure 1.3d).'>* This provides a foundation
for further detailed investigation on anisotropic growth of 2D semiconductor NPLs, which
becomes more and more necessary with the emergence of an increasing amount of experimental
observations in synthetic reactions. In chapter 4, more detailed studies on anisotropic growth of
NPLs inspired by the Riedinger model will be described.
1.4 Kinetic Monte Carlo (KMC) Methods and Applications in Chemistry

The origin of Monte Carlo method date back to early 20th century when it was proposed
by a group of researchers at Los Alamos including Nicholas Metropolis, John von Neumann and
Stanilaw Ulam in late 1940s. This method was considered as a “mid-ground” solution for physical
problems, as other two popular methods at the time were classical mechanics and statistical

mechanics, which worked well for small-scale problems involving only a few particles and large-



scale problems focusing on a large ensemble of particles, respectively. By considering a moderate
number of particles bound a series of constraints, one can get distributions of properties that
reflects physical processes of a real system satisfying the same constraining conditions, without
the necessity of solving differential equations or probability matrices. It is worth mentioning that
this method was only made possible due to the development of modern computers which can
produce random numbers with realistic distributions of parameters and calculate values of
parameters through algebraic calculations. In fact, the computational method got its name after a
district famous for casinos in Monaco, hinting its connection with gambling in terms of
randomness. It provides us with a new way of approaching the answers towards physical problems
by combining stochastic sampling and deterministic calculations.'®® Later in 1975, Bortz, Kalos
and Lebowitz developed a new algorithm for Monte Carlo situations known as BKL algorithm

with significantly higher computational efficiency.'¢!
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Figure 1.4 Kinetic Monte Carlo (KMC) method and applications in materials and chemistry. (a) Flowchart of
general KMC algorithm. (b) KMC simulated process of vacancy diffusion. (c) Heterogeneous catalysis of
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CO oxidation on Pd (111) facet modeled using KMC methods. Left: a snapshot of desorption sites; right:
temporal evolution of species coverage on the surface of catalysts. Figure b adapted from Ref 162,
copyright 2008 Elsevier B.V."82 Figure ¢ adapted from Ref 163, copyright 2022 AIP Publishing. 63

The kinetic Monte Carlo (KMC) method takes the knowledge of kinetic processes in the
system, and as a result produces temporal evolution of the system. Generally, the KMC simulation
is carried out in this way: first, the initial values of parameters are required as input of the program,;
1. the rate matrix is calculated depending on the specific kinetic problems of interest; 2. with the
rate matrix and random number generator (RNG), the system further goes through the pathway
selection to determine the outcome; 3. the global clock is advanced, and the changes to the system
are recorded to be used in a new round of rate calculation; finally, the frequency of events and
generated times are given as the results to describe the temporal evolution (Figure 1.4a). KMC
method has been applied in studies in a series of realms such as materials science and chemistry,
including vacancy diffusion in materials and heterogeneous catalysis (Figure 1.4b and c).!6%!64165
The following chapters will demonstrate my effort of applying
1.5  Conclusions

Among all the interesting properties of NPLs, several topics remain open to discussion and
exploration. For example, the energy transfer processes including FRET was understudied in
mixture of nanocrystals solutions, due to the lack of analytical description about spatial distribution
of binary solution. On the other hand, some long-standing observations on blinking phenomena
have not been explained very well. Last but not least, new challenges arise for mechanism of
anisotropic growth of NPLs since more and more new experimental evidences emerges as new
frontiers of synthetic reactions. Having noticed that there is a large gap of theoretical and
fundamental understanding on these questions regarding NPLs, my thesis focused on applying the
tried and true kinetic Monte Carlo method to the investigations of photophysical properties and

growth mechanisms of 2D semiconductor NPLs.
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In chapter 2, I combine my paper as first author “Tan, X.; Caram, J. R. On the Inadequacy
of Stern-Volmer and FRET in Describing Quenching in Binary Donor-Acceptor Solutions. J.

Chem. Phys. 2023, 158 (20). https://doi.org/10.1063/5.0148170.” with the results I contributed to

the paper “Tenney, S. M.; Tan, L. A.; Tan, X.; Sonnleitner, M. L.; Coffey, B.; Williams, J. A.;
Ronquillo, R.; Atallah, T. L.; Ahmed, T.; Caram, J. R. Efficient 2D to 0D Energy Transfer in HgTe
Nanoplatelet-Quantum Dot Heterostructures through High-Speed Exciton Diffusion. J. Phys.

Chem. Lett. 2023, 14 (42), 9456-9463. https://doi.org/10.1021/acs.jpclett.3c02168.”, which both

deal with the dynamics of energy transfer process in the mixture of nanocrystals.
Chapter 3 contains unpublished work from “Tan, X.; Ahmed, T.; Murphy, L.; Coffey, B.;
Caram, J.R. Applying Marcus Theory to Describe Photoluminescent Intermittency and

Temperature  Dependent  Emission in  CdTe  Nanoplatelets.  ChemRxiv.  2024.

https://10.26434/chemrxiv-2024-zcggj.” This work is under peer review at the time of finishing
this thesis. In this chapter I discuss the application of Marcus theory as an intuitive and reasonable
foundation for explaining various blinking phenomena with quantitative accuracy.

Chapter 4 contains unpublished work from “Ahmed, T.; Tan, X.; Li, B.; Williams, J.; Cook,
E.; Tiano, S.; Tenney, S. M.; Hayes, D.; Caram, J. R. Hetero-confinement in Single CdTe

Nanoplatelets. ChemRxiv. 2024. https://doi:10.26434/chemrxiv-2024-85hg8.” This work is under

peer review at the time of finishing this thesis. In chapter 4, a simple model of anisotropic growth
of NPLs with minimal physics and kinetic Monte Carlo simulations based on it are described, and

they are capable of answering some novel questions about ripening and lateral growth.
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Chapter 2
On the Inadequacy of Stern-Volmer and FRET in Describing Quenching in

Binary Donor-Acceptor Solutions

Sections and figures reproduced with permission from “Tan, X.; Caram, J. R. On the Inadequacy

of Stern-Volmer and FRET in Describing Quenching in Binary Donor-Acceptor Solutions. J.

Chem. Phys. 2023, 158 (20). https://doi.org/10.1063/5.0148170.” Copyright 2023 AIP Publishing.
Sections and figures reproduced with permission from and “Tenney, S. M.; Tan, L. A.; Tan, X.;
Sonnleitner, M. L.; Coffey, B.; Williams, J. A.; Ronquillo, R.; Atallah, T. L.; Ahmed, T.; Caram,
J. R. Efficient 2D to 0D Energy Transfer in HgTe Nanoplatelet-Quantum Dot Heterostructures
through High-Speed Exciton Diffusion. J. Phys. Chem. Lett. 2023, 14 (42), 9456-9463.

https://doi.org/10.1021/acs.jpclett.3c¢02168.” Copyright 2023 American Chemical Society.

Quantitative fluorescence quenching is a common analytical approach to studying the mechanism
of chemical reactions. The Stern-Volmer (S-V) equation is the most common expression used to
analyzing quenching behavior, and can be used to extract kinetics in complex environments.
However, the approximations underlying the S-V equation are incompatible with Forster
Resonance Energy Transfer (FRET) acting as the primary quenching mechanism. The nonlinear
distance dependence of FRET leads to significant departures from “standard” S-V quenching
curves, both by modulating the interaction range of donor species, and increasing the effect of
component diffusion. In this chapter, we discuss this inadequacy by probing the fluorescence
quenching of long-lifetime lead sulfide quantum dots (QDs) mixed with plasmonic covellite
copper sulfide (CuS) nanodisks (NDs), which serve as perfect fluorescent quenchers. By applying

kinetic Monte Carlo methods which consider particle distributions and diffusion we are able to
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quantitatively reproduce experimental data which shows significant quenching at very small
concentrations of NDs. Distribution of interparticle distances and diffusion are concluded to play
important roles in the fluorescence quenching, particularly in the shortwave infrared, where
photoluminescent lifetimes are often long relative to diffusion time-scales. In the case of high
concentration, geometry of nanocrystals plays a significant role in the distance dependence of the

FRET rate.

2.1 Importance of Forster Resonance Energy Transfer (FRET) for SWIR-Emitting
Nanocrystals (NCs)

Proposed in 1919 by Otto Stern and Max Volmer, the Stern-Volmer model quantitatively
described the decrease in fluorescence intensity of emitters in the presence of quenchers, molecules
that are capable of bringing the excited emitters back to ground states.! The linear relationship
shown in a Stern-Volmer (S-V) plot between quenching ratio and quencher concentrations is often
attributed to the collisions between emitters and quenchers. For this reason, Stern-Volmer model
is usually referred to as collisional quenching and associated with measuring rate constants.
Deviation from the linear Stern-Volmer law usually implies some factors other than collisional
quenching, including attraction between particles, pre-formation of complexes, or incomplete
quenching.>?

While collisional quenching is treated in the Stern-Volmer formalism, Forster resonance
energy transfer (FRET) is another process that can deplete the excited state of a donor molecule.
In FRET, dipole-dipole interactions result in energy migration from donor to acceptor, provided
the emission of the donor overlaps with the absorption of the acceptor.® FRET rates depend in a

known non-linear fashion on the distance between donor and acceptor, and thus can be inverted to
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experimentally determine the intramolecular distance (or distribution of distances) between each
species. In a single molecule context, FRET is a powerful tool to deduce structural changes in

' In ensemble

polymers induced by folding or self-assembly among many other applications.’~
contexts, Inokuti and Hirayama gave a generalized treatment of fluorescence quenching in crystals
by comparing summed rates of energy transfer from donors to acceptors and decay rates of excited
donors.!? This treatment is useful for excitonic crystals, but has clear limitations in mixtures where
the distribution is more complex and changing over time.

Surprisingly, despite considerable examples of fluorescent quenching due to FRET there
exists no analytical expression that predicts quenching rate as a function of donor and acceptor
concentration and FRET overlap in dilute mixtures of non-interacting particles. By simple
inspection, while the collisional S-V rate of quenching depends linearly on the concentration of
quencher, in FRET, the rate also depends on the interparticle distance (~7~¢ ). Given that that the

/3 where n is the number density; one

interparticle distance is approximately given by r~n~
might expect that the quenching rate will vary with n?, or quadratically with number density. Such
a mechanism may lead to significant quenching of photoluminescence in the case of small
impurities, or could be used as a method to probe analyte concentration in a biochemical assay,
but only if the proper form is used. It is worth noting, however, that there is no analytic expression
of the distinct interparticle distance distribution for even hard-sphere binary mixtures,
complicating the development of a single equation which takes in concentration, transition dipole
and lifetime, and predicts quenching efficiency.!3!’

In this chapter, we study energy transfer between short-wavelength infrared (SWIR)

emitters and plasmonic nanoparticles. We synthesize lead sulfide (PbS) quantum dots (QDs) and

plasmonic covellite copper sulfide(CuS) nanodisks (NDs) before mixing them in colloidal
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solution. These form an ideal FRET pair for exploring the effects of diffusion and energy transfer
in dilute solutions, as the CuS nanodisks have complete overlap with the emission spectrum of the
PbS, but do not interfere (shadow) our PbS absorption spectra. The relatively long lifetime of PbS
also allows us to explore the role of diffusion in energy quenching. Given that many SWIR emitters
have long lifetimes (e.g. quantum dots and lanthanide nanoparticles), the role of diffusion as highly
pertinent to the dynamics of quenching in this spectral window.

Our experiments revealed a high degree of quenching at very low concentrations of CuS
NDs, accompanied by a non-linear dependence between quenching ratio and concentrations of
plasmonic CuS NDs, which cannot be explained by conventional Stern-Volmer modeling. We
simulate several potential explanations to describe these results, exploring the role of interparticle
distance distribution, nonlinear FRET rates and diffusion, and reach quantitative agreement with
experiment using kinetic Monte Carlo (KMC) simulations that account for all effects. We discuss
how Stern-Volmer descriptions of quenching are highly inadequate in describing FRET pairs in
systems with large FRET radii and/or long lifetimes concomitant large diffusion lengths. As a final
point, we study the impact of geometry of nanocrystals on the distance dependence of the FRET
rate.

2.2 Synthesis of PbS Quantum Dots (QDs) and Covellite CuS Nanodisks (NDs)

We synthesized PbS QDs and CuS NDs as the model emitters and quenchers through
traditional colloidal methods (See Section 2.7). Absorption spectroscopy of CuS NDs shows a
plasmonic peak in SWIR region (Figure 2.1a) consistent with prior reports.'®!” For PbS QDs, PL
spectroscopy of PbS QDs shows a close resonance of the emission peak with the plasmonic
absorption peak of CuS NDs (Figure 2.1a). Morphology of as-synthesized nanocrystals are

confirmed by TEM images, where spherical PbS QDs and hexagonal CuS NDs are clearly
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identified (Figure 2.1b). PbS QDs are measured to have an average radius of 3.6 nm, and CuS NDs
are measured to have an average diagonal length of 19 nm as well as an average thickness of 5.0
nm (See Section 2.8, Figure 2.6). The absorption trace of CuS NDs and the PL trace of PbS QDs
are used to calculate the spectral overlap, which is required to calculate the FRET radius.?’ From
TEM images, size parameters of PbS QDs and CuS NDs are measured and used to calculated the
diffusion coefficients of nanocrystals using Stokes-Einstein equation.?! The concentrations of PbS
QDs are determined using the sizing curve and extinction coefficients reported by Moreels, I. et
al., and the concentrations of CuS NDs are estimated from synthetic procedure and corresponding
extinction coefficient is extracted using Beer-Lambert law.?? These parameters are then used to all
modeling and simulation (Table 2.1). TEM of the mixture confirmed no interaction between PbS
and CuS samples (See Section 2.8, Figure 2.7).

Table 2.1 Parameters used in modeling and simulations

Size? Concentration® D1ffus¥on Total decay FRET radius
Nanocrystals (hm) (M) coefficient rate (nm)
H (nm?-ns™) (ns™h)
PbS QDs 3.6+0.7 33.7+3.1° 0.22 + 0.04 0.00045™
0+1.2 17.40+0.2
cusnps >0 0.36 0.048 + 0.005% / 740020
19.0+9.0

? Measured from statistics of TEM images (See Section 2.8, Figure 2.6). For PbS QDs,
diameter is reported; For CuS NDs, thickness (top row) and diagonal length (bottom row) are
reported.

® For stock solutions.

" Calculated using size-independent absorption coefficient.??

* Measured in time-resolved PL spectroscopy (See Section 2.8, Figure 2.12).

T Estimated from synthetic procedure of CuS NDs (See Section 2.7).

! Calculated using corrected hydrodynamic radius due to non-spherical shape.?’

To study the fluorescence quenching of emissive nanocrystals by plasmonic nanocrystals
in SWIR region, a series of titration experiments of PbS QDs with CuS NDs were performed (See

Section 2.7). Steady-state PL spectroscopy clearly shows a continuous decrease in fluorescence
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intensities of PbS QDs upon serial addition of CuS NDs (See Figure 2.1c for one example trace).
Note that due to relatively high absorptivity of CuS NDs, the secondary inner filter effect
introduced by absorption of CuS NDs were accounted for and the corrected PL intensities were
used to calculate the quenching ratio (See Section 2.8, Figure 2.8 — Figure 2.10). Another direct
evidence of the quenching is demonstrated by time-resolved PL. measurements, where an obvious

decreasing in the donor lifetimes is observed (See Section 2.8: Table 2.2 and Table 2.3).
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Figure 2.1 Synthesized PbS QDs and covellite CuS nanodisks (NDs) and titration experiments. (a)
Normalized absorbance (solid lines) and PL (dashed line) spectra of synthesized PbS QDs (orange) and
CuS NDs (green). (b) TEM images of synthesized PbS QDs (top) and CuS NDs (bottom). (c) PL traces of
PbS QDs in one group of titration experiments with CuS NDs. The shaded area under the curve of a PL
trace is considered as PL intensity and used to determine quenching ratios.
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The results of fluorescence quenching in titration experiments show consistent patterns
across the range of emitter concentrations tested (Figure 2.2a). We first observe that changing
quencher concentration has the largest effect, consistent with it being the limiting quenching
‘reagent’. Second, all the quencher concentrations experimented in the titrations were on
nanomolar scale, which are significantly low given such a high degree of quenching (up to 95%
extinction) compared to other reported emitter-quencher pairs including pairs of nanoparticles,
pairs of fluorescent proteins, pairs of dye molecules, pairs of amino acids, dye molecule-DNA
pairs and quantum dot-fluorescent protein pairs, which typically only display quenching at
micromolar concentrations.>*** Second, besides the high quenching efficiency at low quencher
concentrations, non-linear relationship between quenching ratios and quencher concentrations is
also observed. These patterns suggest that additional complexity, not accounted in S-V quenching

for PbS QDs — CuS NDs pair in SWIR region.
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Figure 2.2 Titration experiments and possible models of fluorescence quenching. (a) A heatmap of inverse
quenching ratios for all conditions of titration experiments (See also Figure 2.11). The inverse quenching
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ratios have been corrected for inner filter effect. (b) A diagram of explored models in modeling & simulations.
The models can be categorized into quenching by FRET (green background) and collisional quenching
(orange background) based on the mechanism of energy transfer responsible for quenching, or into models
considering diffusion (blue frame) and without considering diffusion (orange frame). PL of excited PbS QDs
(orange circles) are by plasmonic CuS NDs (green hexagons), resulting in de-excited PbS QDs (gray
circles).

23 Comparison of Experiments to Analytical and Simulated Quenching Behaviors

To explain the quenching patterns observed in experiments, we explored several models
with and compared it to our experimental results (Figure 2.2b). They are enumerated and described
in the next section.
2.3.1 Collisional quenching (Stern-Volmer)
In Stern-Volmer model, the cause of fluorescence quenching is attributed to collisions between
emitters and quenchers. As a result, the relationship between quenching ratio and number density
of quenchers (nc,s) is given by:

I kg €Y

where k, is the quenching rate, and k, is the total decay rate of emitters without quenchers.! Under
this quenching scheme, a linear dependence is typically observed when k, remains constant,
which is indicative of a diffusion-limited collisional reaction between emitters and quenchers. The
maximum possible quenching rate k, is given by the maximum collision rate for diffusing
particles:
k, = 4nDR; (2.2)

where D is the sum of diffusion coefficients of emitter and quencher, and R is the sum of contact
radius of emitter and quencher (For PbS QDs: radius; For CuS NDs: 2 of thickness), representing

spontaneous reaction upon any collision.°

2.3.2  Quenching by FRET
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Fluorescence quenching is fundamentally an energy transfer process between a donor and
acceptor. If the quenching process is FRET mediated, it is based on dipole-dipole interactions each
species. FRET rate depends non-linearly on the distance between emitters and quenchers (7):

Ro\* 23
krrer = ko (7) (2.3)

where R, is defined as the Forster distance. We will consider several ways that FRET can be
introduced into a Stern-Volmer style equation.
2.3.2.1 FRET radius as effective quenching volume

FRET radius R is calculated by the following equation

K*¢p]
7

n

R§ =8.785x 1075 (2.4)

where k2 is the dipole orientation factor, ¢, is the quantum yield of emitters, and n is the
refractive index of solvent. The spectral overlap J is defined as:

[ Fr(Dea(DA*dA
 [Fp(Mda

(2.5)

where Fj, (1) is the emission spectrum of emitters, and €4 (1) is the molar extinction coefficient of
quenchers.?’ R, clearly depends only on spectral properties of emitter and quencher, requiring no
knowledge of the concentrations. For large molecules such as polymers or proteins, intramolecular
interchromophore distance () can be determined by measuring the FRET efficiency (Epggr)

through spectroscopy:

_ ko _ 1
Ko+ krrer 1 4 (&)6
T

Errer = I (2.6)

where a 50% of FRET efficiency is achieved at an emitter-quencher distance equal to the FRET
radius. We apply this idea of associating fluorescence quenching with only FRET radius to the

mixture of PbS QDs and CuS NDs. Assuming the fluorescence of half of emitters within the range
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of FRET radius are completely quenched, the quenching ratio would be given by a pseudo Stern-

Volmer relation:

|4
Iy 1 Mpps 53 "MNcus 1+2TL’R0 2.7)

This is the equivalent of creating a quenched volume.

2.3.2.2 Crystalline Defect

One of the fundamental reasons that FRET efficiency measurements can be used to determine the
interchromophore distance is that the variance of this intramolecular distance in the ensemble is
relatively small.’!*> For a mixture where emitters and quenchers are two different species in
solution, the distance distribution is much larger and cannot be neglected.!®**** To account for
this, we add a layer of complexity on top of the “FRET radius only” calculation by introducing a
crystalline distribution of interparticle distances, where CuS NDs are considered to be evenly
distributed in a lattice of PbS QDs, and every PbS QDs are allowed to transferring energies only
to the nearest CuS NDs. The quenching ratio is then calculated by comparing total FRET rate and
total decay rate in the ensemble:

R Ry\°
I fro ko (TO) ATr’nppsdr

71t 4TTR3
ko 3 Npps

(2.8)

where the total FRET rate is calculated by integrating rates over all possible interparticle distances.
Limits of the distance are determined given the number densities of PbS QDs and CuS NDs:

1 1 4AmR3
Npps Ncus 3

Finally, the quenching ratio is given by:

45
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(2.9)
By inspection, this shows that a somewhat more realistic treatment of the variance due to FRET
leads to a quadratic dependence on quencher concentration and a dependence on the concentration

of the donor. However, this treatment does not consider the actual particle distribution, which

requires a simulation described below.
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Figure 2.3 Comparison of quenching ratio-CuS NDs concentration curves between experiments and
different models/simulations. Bottom: Full scale graph. Experimental result (black squares) and predictions
based on random distribution with no diffusion (red triangles) and random distribution with diffusion (green
circles) are plotted. Dashed lines are used to guide the eye and show the trend only. Top: Zoomed-in graph
at low quenching ratio. Predictions based on Stern-Volmer (violet), FRET radius (cyan) and crystalline
structure (orange) are plotted. Inset: Zoomed-in graph at low quencher concentrations.

2.3.2.3 Random distribution & diffusion

Several factors of quenching by FRET are not included in FRET radius-only model and crystalline
structure model. First, the assumption that CuS NDs are evenly distributed among PbS QDs are
invalid in an ideal/hard-sphere solution. Second, diffusion of species in solution is not taken into
consideration, which could contribute to fluorescence quenching as the FRET rate is nonlinear

with interparticle distance. Since an interparticle distance distribution function is not generally
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analytic, we carried out a simulation of the quenching behavior using kinetic Monte-Carlo (KMC)
modeling, considering both the distribution and fluctuation of interparticle distance and their
influence on fluorescence quenching.® Briefly, PbS QDs and CuS NDs are randomly positioned
in space with a defined number density. Complete matrices composed of FRET rates for every
emitter-quencher pair in the ensemble are then calculated and used for pathway selection process
to determine the fate of all emitters. Note that FRET rates between PbS QDs are much smaller
than those between PbS QDs and CuS NDs (~10* times slower) thus are excluded from the rate
matrices. Finally, the quenching ratio is extracted from the statistics of results (See Section 2.8,
Figure 2.17). Diffusion is also implemented in the kMC simulation by three-dimensional random

walk:

Ry+1 — Ry = VDAL - Nygng (2.10)
where R; is the position vector of nanocrystals at the ith time step, D is the diffusion coefficient,
At is the time step length limited by the lifetime of emitter, and n,,,4 is a random unit vector. It
is worth mentioning here that the diffusion coefficients are calculated based on the size parameters
obtained from TEM images where surface ligands are invisible, which is a potential source of error
in modeling and simulations. This applies to both Stern-Volmer model and kinetic Monte Carlo
simulations of FRET quenching where diffusion coefficients are used. The introduced deviations,
however, are not as significant in the results since the surface ligands oleylamine on both PbS QDs
and CuS NDs are inherently angled thus having limited contributions to the hydrodynamic radius.
Predictions made based on different models are compared with experimental results (Figure 2.3).
24 Results of Simulations and Role of FRET Radius and Diffusion in Quenching

All models of quenching other than the KMC simulation grossly underestimate the

observed quenching behavior at low acceptor densities and do not account for the apparent

47



nonlinear nature of quenching. We can conclude that quenching ratios are underestimated in Stern-
Volmer model, FRET radius and crystalline structure models, while quenching by FRET with
random nanocrystals distribution gives much higher predicted quenching ratios that that is
comparable to the experimental data. This indicates that randomizing the distribution of
nanocrystals in solution allows part of the PbS QDs to be in close vicinity of CuS NDs resulting
in very high FRET rates and high probabilities of energy transfer. The second pattern of quenching
observed in experimental data is the non-linear dependence of quenching ratios on quencher
concentrations. This is natural when FRET is the mechanism of energy transfer responsible for
quenching instead of collision, resulting from the 7~¢ dependence of FRET rate. It is worth
mentioning that the only model that predicts a non-linear dependence is the crystalline defect
model. The non-linearity is not obvious in the range of plotting, but is captured at much higher
quencher concentrations (See Section 2.8: Figure 2.21). Both Stern-Volmer and FRET radius
calculation give strictly linear relationships.

Furthermore, distance fluctuations introduced by diffusion contributes to higher quenching
ratios and match experimental data more accurately. A brief explanation is given as follow.
Although the interparticle distance can decrease or increase with diffusion, which will lead to
raising or lowering of FRET rate respectively, this impact on FRET rate is clearly different for
donor-quencher pairs separated at long distance and those separated at short distance due to the
r~% dependence. This difference in the rate of change is directly reflected in the differential of ¢
function. For donor-quencher pairs that are close in distance, the enhancement in FRET rate arising
from decreasing distance is more significant than the decay in FRET rate induced by increasing
distance, resulting in an overall higher FRET efficiency; such difference still exists for donor-

quencher pairs that are distant away from each other, but at a much smaller scale. All taken into
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consideration, in the scheme of quenching by FRET, diffusion has a positive contribution to

fluorescence quenching (See Section 2.8, Figure 2.19 and Figure 2.20).
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Figure 2.4 A color-coded map of enhancement of quenching ratio by diffusion with changing diffusion length
and FRET radius at different quencher concentrations. The enhancement of quenching ratio is defined as

the ratio between the quenching ratios with diffusion, (ITO)a, and the quenching ratios without diffusion, (’7"),1.
Diffusion length is defined as v6DAL.
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Besides the clearly observed decrease in the donor lifetime, we also notice a shift in the
time-resolved Pl traces from mono-exponential decay to multi-/bi-exponential decay when
quenchers are introduced in the titration experiments. Such transition is not common for canonical
quenching pairs, but could happen if the quenching rate is non-constant.**” The non-constant
quenching rate is true for our FRET system in the binary solution where spatial distribution of
donors and quenchers makes a significant difference in FRET rate: donors in the close vicinity of
quenchers will rapidly go through FRET deactivation pathway, while FRET rates for donor-
quencher pairs that are more distantly separated will be lower and comparable with other decay
rates. This type of quenching behaviors is indeed observed in time-resolved PL experiments: at
early time, fast decay processes show up in samples with quenchers added, which are
representative of the rapid FRET rates for donor-quencher pairs at close distances, but are not
present in pure PbS samples; at later time, decay processes for quenched samples become slower
and more comparable with the decay pattern for pure PbS (See Section 2.8, Figure 2.15).
Furthermore, our simulations are also capable of capturing this behavior by monitoring the number
of quenching events at every time steps (See Section 2.8, Figure 2.16). Again, a huge number of
donors went through the FRET deactivation pathway at very early time; diffusion then plays a role
at later times by increasing the FRET rate for more distantly separated donor-quencher pairs,
resulting in more quenching at later times and eventually more quenching in total.

We explore how diffusion and FRET radius interact in Figure 2.4. Naturally, the
enhancement by diffusion should increase as the diffusion length gets longer, which we observe
at all quencher concentrations. However, the impact of FRET radius on enhancement by diffusion
is different and shows a pattern of “saturation of quenching”. At low quencher concentrations,

diffusion enhances quenching more at elevated FRET radii. At high quencher concentrations and
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high FRET radii, diffusion does not enhance quenching. We note that FRET radius is a
measurement of the quenching ability for each individual quencher, while quencher concentration
reflects the total number of quenchers. When the quencher concentration is low, the number of
emitters that all quenchers can access is not saturated, in this case the higher the FRET radius is,
the more emitters reach the interaction region through diffusion, resulting in a higher enhancement.
When the quencher concentration is high, most of the emitters are already accessible to quenchers
without diffusion especially if the FRET radius is large -- hence the “saturation of quenching.” For
comparison, we carried out similar simulations for a canonical FRET pair (cyanine dyes) and it is
clear that the contribution from diffusion is much less significant (See Section 2.8, Figure 2.22).
In conclusion, the long FRET radius due to large absorption sections of CuS NDs and random
distribution of particles in colloidal solutions gives rise to the high quenching ratio at low quencher
concentrations, while also showing that diffusion can play significant role in nonlinear
enhancement of quenching. Diffusion is not commonly considered in any model of FRET-based
quenching, yet should be carefully monitored, especially in systems where the excited state
lifetime is large.
2.5 Near-field FRET: Ex-situ Mixing of HgTe QDs and NPLs and 2D-0D Energy
Transfer

Throughout the study of FRET quenching in the mixture of PbS QDs and CuS NDs, the
conventional FRET rate equation with 7~¢ dependence has been used. This is due to the fact that
in the range of titration experiments, the concentration of PbS QDs and CuS NDs are considerably
low so that the chromophores can be considered as point-dipoles. The question then becomes the
quenching efficiency in concentrated binary solution, where geometry of the chromophores makes

a difference because of close distance. We perform another experiment by first separately
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synthesizing oleylamine passivated HgTe QDs, and then mix a comparable concentration with 3
ML HgTe NPLs isolated immediately after cation exchange. We are able to observe energy
transfer by mixing QDs and NPLs with low efficiencies of transfer. The mixed QDs are easily
removed using gentle centrifugation which recovers NPL band edge PL. Separately synthesized
QDs and NPLs are likely not adsorbing to the NPL surfaces, and thus constitute an “ideal” solution

for which the model can be used to quantitatively analyze the efficiency of energy transfer.
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Figure 2.5 Model for studying the distance dependence of NPL-QD FRET system. (a) QD with a free-
rotating dipole moment (blue vector) and NPL consisting of individual in-plane dipole moments (red vectors).
The position vector of QD dipole is given in terms of Cartesian coordinates. (b) Top-down view of the in-
plane dipole moments of the NPL. The position vector of NPL dipoles is given in Cartesian coordinates.
(c)Diagram of altitude angle and azimuth angles for dipole moments. The “dipole vectors” are given in
spherical coordinates. (d) The distance dependence of the FRET rate, plotted on a log-log scale to extract
the index of R. The average donor-acceptor distances found in our simulations are indicated by the grey
box. (e) The comparison of our experimental energy transfer efficiencies (black) to simulated results for
both the near-field (purple) and far-field limit of FRET (green). The near-field results are represented as a
range due to error (See Section 2.8), whereas the error on the far-field results is too low to be shown on
the plot.
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To explain the energy transfer, we again employed the Forster resonance energy transfer
(FRET) model. This yielded an estimated efficiency of energy transfer (> 20%) that is significantly
higher than the quantum yield of the donor alone (5-10%). The result is unusual as simplistically
FRET is assumed to be bounded by QY of the donor (at low quantum yields), however this has
proved to be an oversimplification both theoretically and experimentally.’® In our case, this
apparent mismatch prompted a more detailed study on the FRET mechanism for our specific NPL-
QD system.

Following the work by Chuang et al., we first developed a more specific model for our 2D
(NPLs) to 0D (QDs) energy transfer system, which takes the scale of donor-acceptor distances and
the actual geometry of the dipole distribution into consideration.>® Briefly, the relatively small
HgTe QD is modeled as one single dipole, while the larger HgTe NPL consists of multiple dipoles
(Figure 2.5a-c). The FRET rate equation is determined by calculating the summation of dipole-
dipole coupling of donor-acceptor pairs over all possible dipole orientations (See Section 2.8). The
summation can be calculated as a continuous integration to extract the distance dependence:
(14D L rer

8rf s 0
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where R is the distance between QD and NPL and 7y is the size of the NPL. The traditional R~°
distance dependence is recovered at the far-field limit, but in the case of near-field FRET, the rate
equation has a different distance dependence and pre-factor. This behavior is also shown through
numerical calculation, where a transition of R™* to R™® dependence can be clearly seen with
increasing donor-acceptor distances (Figure 2.5d). Considering the high QD-to-NPL ratio and the
relatively large size of the NPL, it is likely that the traditional (R~®) FRET rate equation fails to

accurately describe the situation and it is necessary to use the near-field FRET rate equation. We
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then used the obtained near-field FRET rate equation in kinetic Monte Carlo simulations to
calculate the FRET efficiencies for different QD concentrations (See Section 2.8). Based on the
simulations, we can confirm that the donor-acceptor distances are indeed in the near-field range
where R™* dependence should be used. The average distance depends on the QD-NPL ratio, but
we found these R/ro distances to be between 0.0136 —0.0216 (shown on a log scale in Figure 2.5d).
By comparing the simulations with experimental results (Figure 2.5¢), we can conclude that the
near-field FRET is indeed the energy transfer mechanism in the mixed case.
2.6  Conclusion

Fluorescence quenching is a canonical method in the study of reacting systems, and is used
broadly in biological and chemical assays. However, simple applications of Stern-Vollmer
quenching are not appropriate in FRET pairs, given the nonlinearity of dipole-dipole coupling.
Attempts to adapt other FRET models, or effective volume approaches also fail. While more
complex behavior can be invoked to explain quenching behavior, the quantitative agreement
between quenching studies and KMC simulations that take into account real interparticle
separations and diffusion, suggest a simple general model captures the high magnitude and
nonlinearity of quenching in a PbS-CuS system. Therefore, we conclude that non-interacting
molecular systems can be effectively quenched with low-concentrations of impurities, provided
energetic conditions are met. In the case of high-concentration mixture, the geometry of
chromophores (nanocrystals) starts to play an important role in the distance dependence of FRET
rate, exhibiting “near-field” FRET efficiency. Our results suggest that dipolar coupling and
diffusion serve to ‘superpower’ quenching, concentrating a diffuse excitation on a few plasmonic

defects. These effects will become more important in long-lived excitations in the near and
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shortwave infrared (where diffusion can play a role), or in materials with high transition dipole
moments (where FRET radius is elevated).

2.7 Experimental Details

2.7.1 Chemicals

Lead chloride (PbClz) (Alfa Aesar, 99%), N,N’-diphenylthiourea (DPTU) (Alfa Aesar, 98%),
cuprous chloride (Cu(I)Cl) (Alfa Aesar, 97%), Cadmium oxide (CdO) (Alfa Aesar, 99.95%), sulfur
(S) powder (Alfa Aesar, sublimed, 99.5%), tellurium (Te) powder (Acros, 99.8%), mercury (II)
acetate (Hg(OAc)2) (Chem-Impax International, 98.0%), oleylamine (OLAm) (Tokyo Chemical,
>50.0%), oleic acid (Alfa Aesar, 99%), propionic acid (Fisher), tri-n-octylphosphine (TOP) (Alfa
Aesar, 90%), 1-octadecene (ODE) (Alfa Aesar, 90%), toluene (Fisher, 99.9%), ethanol (Fisher,
95.27%), hexanes (Fisher, 98.5%), methanol (Fisher, 99.8%), acetone (Fisher, 99.5%).

2.7.2 Synthesis of Precursors

0.33 M N,N’-diphenylthiourea (DPTU). In a round bottom flask, 2.5 mmol of NN’-
diphenylthiourea (DPTU) was suspended in 7.5 mL of 1-octadecene (ODE). The suspensions was
degassed under vacuum at 100 °C for 1 hour and then purged with Ar at 120 °C for 30 minutes.

1 M S-OLAm. In a round bottom flask, 5 mmol of elemental S powder was dissolved in 5 mL of
OLAm under vaccum at room temperature.

Cadmium Propionate (Cd(prop)2). In a round bottom flask, 1.036 g of CdO powder and 10 mL
of propionic acid were mixed under argon flow for 1 hour. The flask was then open to atmosphere
and heated to 140 C until the volume reduced by half. The while solution was precipitated with
acetone and centrifuged. The supernatant was discarded, and the solution was dried and stored in

a vacuum desiccator.
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1M TOP-Te. Following Izquierdo et al.,*’ Te powder (0.254 g) and tri-n-octylphosphine (2 mL)
were combined in a small flask and degassed under vacuum at room temperature. Under argon
flow, the solution was stirred at 275 C until the dissolution was complete and solution turned
yellow. The solution was cooled and diluted to 0.5M with additional tri-n-octylphosphine.

10 mM Mercury Acetate (Hg(OAc)2). In a small vial, 9.2 mg of mercury (II) acetate and 3 mL
of oleylamine were stirred at room temperature until dissolved.

2.7.3 Synthesis of Nanocrystals

Lead sulfide (PbS) quantum dots (QDs). We followed the procedure proposed by Chan et al.!®
In a round bottom flask, 3 mmol of lead chloride (PbCl,) was suspended in 7.5 mL of oleylamine
(OLAm). The precursor suspensions were degassed under vacuum at 100 °C for 1 hour and then
purged with Ar at 120 °C for 30 minutes. The lead precursor suspension was then cooled to 80 °C
and 2.25 mL of 0.33 M DPTU suspension was injected to initiate the reaction. The reaction was
kept at 80 °C for 100 s to achieve the desired absorption wavelength. The reaction was quenched
by the addition of a mixture of 10 mL of toluene and 25 mL of ethanol. The QDs were then washed
for several times and finally re-suspended in toluene.

Covellite copper sulfide (CuS) nanodisks (NDs). We followed the procedure proposed by Xie et
al.!” In a round bottom flask, 0.5 mmol of cuprous chloride (CuCl) was dissolved in a mixture of
24 mmol of 1-octadecene (ODE) and 6 mmol oleylamine (OLAm) under vacuum at 130 °C. The
copper precursor solution was then heated to 180 °C under Ar flow and 2 mL of 1 M S-OLAm
solution was injected to initiate the reaction. The reaction was annealed at 180 °C for 10 minutes
for complete crystal growth. The NDs were cooled to room temperature and precipitated with a
mixture of methanol and acetone, before re-suspended in toluene. The washing cycles were

repeated for several times before finally re-suspending the CuS NDs in toluene.
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3ML CdTe NPLs. Adapted from Izquierdo et al.,*>*! Cd(prop)2 (260 mg), oleic acid (0.160 mL),
and ODE (20 mL) were degassed under vacuum at 90 C for 1 hour in a three-neck flask. Under
argon flow, the solution was heated to 210 C and a mixture of 1 M TOP-Te (0.200 mL) and ODE
(3.75 mL) was injected with a syringe pump at a rate of 5 mL/hr. The reaction was quenched with
oleic acid (0.500 mL) and cooled to room temperature. The NPLs were precipitated with ethanol
and centrifuged at 14000 rpm for 5 min, then resuspended in hexanes (20 mL).

Cation Exchange from CdTe to HgTe NPLs. Following Tenney at al.,*! In a round bottom flask,
6 mM CdTe NPL (0.240 mL) and hexanes (6 mL) were mixed. Then, 10 mM Hg(OAc); in
oleylamine (0.300 mL) was added and the solution was stirred at room temperature for 3-4 hours
until appropriate location of the excitonic features on the absorption spectra. Once complete, the
NPLs were centrifuged at 9000 rpm for 5 min then resuspended in hexanes (5 mL).

HgTe QDs. Adapted from Piepenbrock et al.*? In a three-neck round bottom flask, mercury acetate
(330 mg), oleylamine (1.380 mL), and ethanol (15 mL) were heated to 50 C under argon flow until
the solution was clear. The flask was then placed in a water bath and 0.5 M TOP-Te (0.1 mL,
diluted from the 1M stock solution) was injected once the solution reached the desired temperature.
Lower temperatures (< 25C) were used for small QDs, while increasing temperatures (30, 40, 50
C) were used for larger QDs. The solution immediately turned brown and was allowed to stir for
30 s before quenching with an ice bath. The QDs were precipitated with an excess of ethanol and
centrifuged at 14000 rpm for 5 min, then resuspended in hexanes (10 mL).

2.7.4 Mixing Experiments

PbS QDs and CuS NDs. To study the fluorescence quenching of PbS QDs by CuS NDs, we
carried out a series of titration experiments. 50-1000 puL of PbS QDs suspension and 0-2000 pL of

CuS NDs suspension were pipetted and mixed in a 4 mL vial, with extra toluene added to make
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the total volume of the mixture 3 mL. The suspensions were then vortexed for 60 s to guarantee
complete mixing of the nanocrystals. The titration samples were divided into several groups, and
in each group the concentration of PbS QDs was kept constant and we only varied the
concentrations of CuS NDs. Photoluminescence (PL) spectroscopy of all mixtures were measured
and quenching ratios were calculated by dividing in each group the PL intensity without quenchers
(Ip) by quenched PL intensities ().

HgTe QDs and HgTe NPLs. The volume of NPLs added were determined using measured
absorption spectra to ensure sufficient optical density (~ 0.5 OD at the NPL heavy hole). Using
the QDs synthesized separately, varied amounts of QDs were added, from 8.5 x 10° mM to 3.4 x
10* mM total concentration in the mixture. Hexanes was added to ensure that all samples reached
a total of 2 mL. The samples were then kept on ice following mixing to minimize growth of QDs
during the reaction and absorption and PL spectra were recorded immediately.

2.7.5 Materials Characterization

Absorption spectra were obtained using an Agilent Cary 60 UV-Vis spectrophotometer (for UV-
vis) and a Shimadzu UV/Vis/NIR Spectrophotometer (for SWIR). Photoluminescence (PL)
spectra were obtained using a home-built setup with an Ocean Optics flame NIR detector. Lifetime
were obtained using a home-built setup with superconducting nanowire single photon detectors
(SNSPDs). Transmission electron microscopy (TEM) images are obtained using a T12 Quick
Room Temperature TEM. TEM Samples are prepared by diluting nanocrystals solutions and drop-
casting on Formvar 300 mesh copper grids (Ted Pella, Inc.).

2.8 Supporting Information

This section contains analysis and corrections on experimental results and detailed explanation of

modeling and simulations.
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TEM results and analysis of PbS QDs and CuS NDs

Sizes of nanocrystals are measured based on the TEM images and the size distribution curves are

fitted with lognormal functions.*’
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Figure 2.6 Size distribution of PbS QDs (top) and CuS NDs (bottom; left: diagonal size; right: thickness).
In the TEM images of mixture of PbS QDs and CuS NDs, no obvious change of shape or

destruction of QDs and NDs was observed, suggesting no chemical reaction between quenchers

and emitters.

Figure 2.7 TEM image of the mixture of PbS QDs and CuS NDs.
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Experimental setup & Correction for Inner filter effect (IFE)

To calibrate for the inner filter effect (IFE), we first calculate the extinction coefficient of CuS

NDs. Absorbance are taken for a series of CuS NDs solutions:

05 Equation y=a+bx 0.494
= 0.5 4 | weight No Weighting -
n=240nM Residual Sum 3.61059E-
of Squares 5
0.4 Pearson's r 0.99994
Adj. R-Square  0.99985
—~ g 041 Value  Standard Erro
j = Intercept 0 -
< o ¢ Slope 000205 125429E-5
~ 0.3 A
8 803+
5 n=120nM c
8 3
S 5
2 0.2 8 0.2
< <
n =60 nM
0.14 0.1
n=30nM
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Figure 2.8 Absorption spectra of a series of CuS NDs solutions (left) and linear fitting of absorbance-
concentration for extracting extinction coefficient (right).
The extracted extinction coefficient is 2.05%10° M!-cm™.

Steady-state PL measurements were carried out using the setup with a front-face cuvette

configuration show below:

Mirror C Mirror D

(I\'/Iirror A Mirror B Lens Lens 4
Figure 2.9 Experimental setup for steady-state PL measurements. The sample holder takes a front-face
configuration.

For  this geometry, the correction factor is given by Leese et al:

 2303(Aey + Aem)
o 1 — 10~ (Aext4em)
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where A,, is the absorbance of CuS NDs solution at the wavelength of excitation, and A,,, is the

absorbance of CuS NDs solution at the wavelength of emission of PbS QDs.** Note that the

absorbance of CuS NDs at 532 nm (the wavelength of excitation) is negligibly small so essentially

only A,,, contributes to the correction factor.

The apparent quenching ratio, which is derived directly from experiments, is corrected for inner

filter effect by dividing the apparent quenching ratio by the correction factor f. An example of

such correction for IFE is given below:

10

Experiment
+  After IFE correction
— IFE

Quenching ratio

T T
0 50 100 150
CusS conc. (nM)

T
200

250

IFE factor
Quenching ratio

1

e simulated QR

IFE corrected experiment QR ‘

0

T T T
50 100 150 200 250
CusS conc. (nM)

Figure 2.10 Correction for IFE (left) and comparison between experiment quenching ratio after IFE

correction and simulations (right).
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Non-linear plot of quenching ratios
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Figure 2.11 A plot of quenching ratio-quencher concentration for titration experiments showing non-linear
dependence.
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Time-resolved PL measurements & analysis
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Figure 2.12 Time-resolved PL trace (black) and fitting result (red) of PbS QDs.
The time-resolved trace was fitted with a mono-exponential decay function. The extracted total

decay rate (shown in the figure) was then used in modeling and simulations.
Mono-exponential fitting of experimental time-resolved PL traces with quenchers
Time-resolved PL traces of one subset of titration experiments are fitted to mono-exponential
decay function given below as an example:

P, = Aexp(—kt) + C
and the fitting parameters are given below:

Table 2.2 Mono-exponential fitting parameters of experimental time-resolved PL traces

[CuS] A k c
(nM) (x 10% (x 10 ns)
6.0 1.21+0.09 4.18 £0.02 88 + 1
12.0 1.09 + 0.08 438 £0.02 92+ 1
30.0 0.9+0.1 5.11+0.03 109 + 1
60.0 0.61 +0.08 5.37 +0.04 90.6 + 0.9
120.0 0.41 +0.05 5.83 + 0.04 71.6 £ 0.9

A clear increase in the total decay rate of PbS QDs, which is indicative of a decrease in the
lifetimes, is observed. However, mono-exponential function may not be the best fitting function

to the PL traces:
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Figure 2.13 An example of mono-exponential fitting of time-resolved PL trace of PbS-CuS mixture.
where an obvious deviation is observed.

Bi-exponential fitting of experimental time-resolved PL traces with quenchers
We then turned to bi-exponential functions for the fitting of time-resolved PL traces of the same

subset of titration experiments. The bi-exponential fitting function is given below:

P, = Ajexp(—kqt) + Ayexp(—k,t) + C

and the fitting parameters are given below:

Table 2.3 Bi-exponential fitting parameters of experimental time-resolved PL traces

[CuS] A, k, A, k, ; ‘ﬁ;;i‘ng:
(nM) (x 10%) (x 10%*ns™) (x 10%) (x 102 ns™) (0s)
60 | 1.16+£0.05 | 402+001 | 40+0.1 | 1.47+0.06 | 657+06 1867 = 1
120 | 1.05+0.04 | 420+0.01 | 3.50=0.08 | 1.36=0.05 | 70.6 + 0.4 1803 = 1
300 | 0.88+0.07 | 462+0.02 | 3.88+0.07 | 0.79+0.03 | 73.5+05 1538 = 1
60.0 | 0.62+0.02 | 473+0.02 | 2.86+0.04 | 0.63+0.02 | 62.4+04 1494 = 1
1200 | 037+0.04 | 511005 | 1.6+0.1 | 033+0.02 | 48.0=05 1465 * 1

where the average lifetimes are calculated as below:

A L 4,

kq

T =

ki ky
A+ A,

Again, a clear decrease in the average lifetime is observed.
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Figure 2.14 An example of bi-exponential fitting of time-resolved PL trace of PbS-CuS mixture.

Apparently bi-exponential decay functions are better choices for fitting. It is worth mentioning
here that the fast and slow components extracted from fitting are not directly representative of the
actual rates of fast and slow photophysical processes in the system but the exchange between

different mechanisms of quenching.
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Quenching behaviors at early time and later time: comparing experiments and _simulations

14 pure PbS 1 pure PbS
094 ——PbS +6.0 nM CuS ——PbS + 6.0 "M CuS
—— PbS +120.0 nM CuS —— PbS +120.0 nM CuS

0.8 1
€074 £ 014
g =1
8 8
§ 0.6 S
S s
o Fast decay o
> .
6 0.5 atearlytime =4 Slow decay
- — 0014 atlater time
£ £
2 2

0.4

1E-3
03 T T T T T T T T T
0 500 1000 1500 0 5000 10000 15000 20000 25000 30000
Time (ns) Time (ns)

Figure 2.15 Experimental time-resolved PL traces of pure PbS and quenched PbS samples (Left: zoomed

in at early time; right: full range).
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Figure 2.16 Number of quenching events monitored over time in the simulations (Left: zoomed in at early
time; right: full range).
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Kinetic Monte-Carlo (kMC) algorithm

The kinetic Monte-Carlo algorithm used in simulations is explained below.

Input. Parameters derived from characterization of nanocrystals are shown in main text (Table
2.1). The only other inputs are volumes of nanocrystals solutions used in titration experiments.
Initialization. The number of PbS QDs and CuS NDs are first determined using concentrations
and volumes. A three-dimensional box consisting of identical discrete smaller boxes is then
constructed as a representation of the positions of nanocrystals in colloidal solution. Size of the
smaller boxes is also calculated by the total concentration of nanocrystals under corresponding
experimental conditions and each nanocrystal, regardless of its chemical composition, is only
capable of occupying one box. As the final step of initialization, sets of coordinates are randomly

generated as the initial positions of nanocrystals (Figure 2.17).

Figure 2.17 Visualization of the box used in kMC simulations. (Red: PbS QDs; Green: CuS NDs. The sizes
do not reflect the real scale of nanocrystals.)

Calculation. After initialization, a distance matrix recording distances of all possible PbS-CuS
pair is first obtained based on their coordinates. For the rate matrix that will be used for later

pathway selection, three types of rates are considered: (1) Total decay/emission rate: The total
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decay rate extracted from lifetime measuring experiments is used for each excited emitter.; (2)
FRET rates: The quenching rates due to FRET from PbS QDs to CuS NDs. These are calculated
for every possible PbS-CuS pair based on the distance matrix; (3) Idle rate: Idle rate is introduced
to take diffusion of nanocrystals into consideration. In conventional kKMC algorithm, only rates
concerning the change of states (i.e., fluorescence decay or FRET) are considered, which makes it
rather difficult to implement diffusion since it doesn’t involve change of states but still has
influence on rates due to change of distances. By introducing idling behavior, namely the situation
where excited emitters do not go through any de-excitation pathway but stay excited during a
certain period of time, we are not only able to monitor the regular change of states but also keep
track of the impact of diffusion on the kinetics. The idle rate of excited emitters is calculated given
a user-defined probability p:

ko k K 1-p
_— — LAY . = .
kl'dle + kO p idle 0 p

Pathway selection. The pathway selection procedure is achieved using the BKL algorithm, where
partial sum of the rate matrix and RNG are used.* Particles that go through any de-excitation
pathway are no longer considered in the next time step. For idle particles, the diffusions are
described as three-dimensional random walk:

Ryi1— Ry = V6DAL - Nyang
where n .4 is a randomly oriented unit vector indicating the direction of diffusion.

Updating. To advance the clock, the time step At is given by the following equation:

1 1 p
kigie ko 1—p

At =

This constant time step makes it possible for an excited emitter to go through any of the de-

excitation pathway during the corresponding period of time At. The coordinates of nanocrystals
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and the rate matrix are then updated at each time step for a new round of pathway selection, and
only after all emitters get de-excited the simulation ends. Note that a distance bound is also
implemented to prevent donor and quencher from diffusing infinitely close to one another, so that
the FRET rates do not go to infinity. As a control trial, the decay of a pure PbS QDs (without
quenchers) sample was simulated and the time evolution of the number of excited donors was

monitored. The correct lifetime was recovered (Figure 2.18).
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Figure 2.18 A control simulation of pure PbS QDs. (black: number of excited donors over time; red: fitting
result.)
Output. The overall ratio of emitters that go through FRET or non-FRET pathway is recorded.

Quenching ratio is then calculated and compared with experimental results.
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A more detailed discussion about the influence of diffusion on FRET rate
For a pair of donor and acceptor, we introduce two spheres with specified radius to describe the
impact of diffusion on interparticle distance and FRET rate (Figure 2.19):

Distance sphere Distance sphere

Diffusion sphere Diffusion sphere

Figure 2.19 2D diagram of distance sphere and diffusion sphere (Left: for interparticle distance calculation;
right: for FRET rate calculation). Quencher is located at the center of distance sphere and donor is located
at the center of diffusion sphere. The center of diffusion sphere always sits on the surface of distance
sphere.

We start with examining the change in interparticle distances caused by diffusion. Essentially, the

interparticle distance could increase or decrease based on the direction of diffusion. The
probability of FRET pairs getting closer can be calculated by determining solid angle of the

spherical sector of the diffusion sphere that lies within the distance sphere:

where solid angle can be readily calculated by integration:

Q= fdﬂ=ffsin6d9dgo

so the probability p. can be calculated as follow:

B fozn do foa sinfdf  2m(1 — cos a)
fozn do fon sin 6d0 4m

Pc

where the planar angle a depends on the radius of distance sphere and diffusion sphere:
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cosa = —
2r

and finally, the probability is given below:
=5(1-3)
pe=3\1"2
The probability of FRET pairs diffusing further away is then given by:

d

1
=1- =—1 —
Pr Pe 2( +2r)

By comparing p. and py, it is immediately noticed that diffusion always favors pushing FRET
pairs further away from each other.

We then take a look at the change of FRET rate. New interparticle distance after diffusion is given

by:

r' =\r2+d?—2rd-cos@
The average FRET rate is calculated by integration with a different integrand:

sin 6 déde Ry
k = || /= .k, (—)6
(krrer) ff - O(r’)

where the first part is the percentage of the differential solid angle that has the same new

interparticle distance r'. This integration is actually straightforward and the result is given below:

wrs 1+ kg

Ty

where the first term is the ordinary FRET rate without diffusion and the second term is a scaling

(kFRET> =

f

factor f. To understand the dependence more intuitively, we plot the second term against (%)2:
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Figure 2.20 Functional dependence of the scaling factor on (%) . The dashed line represents x = 1, which
is an asymptote of this function. Equation f = 1 has two solutions: x = 0 or x = 2.3532.

In most cases of our simulations, (%)2 lies in the range from O to 1, thus resulting in a higher

average FRET rate for most FRET pairs. Again, we implemented a lower bound of the interparticle

distances in simulations so all the FRET rates don’ t become infinitely large. It is also possible to

have cases where (%)2 > 2.3532 if the original interparticle distance r is very small, on which

diffusion will have a negative impact on FRET rates, but in these cases the original FRET rate is
already very high and the donor will very likely go through the FRET de-excitation pathway before
diffusion can play a role. One last point related to this analysis is that the number of donors that
have the same interparticle distance to a certain quencher is also distance-dependent, which
follows a simple spherical differential (note that this is for only one quencher and as we mentioned
in main text there is no known analytical form of this distribution in binary solutions):
dN(r) = n-4nridr

where n is the donor number density. This also means the FRET pairs that are close should have
less impact from diffusion compared to those that are more distantly separated. Overall, diffusion

will have a positive impact on FRET rates and thus on quenching as well.
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Non-linearity relationships shown at higher concentration
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Figure 2.21 Non-linearity dependence predicted by crystalline defect model at higher quencher

concentrations. Upper limit of concentrations tested in experiments is shown in the graphs with red dashed
lines.
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Quenching enhancement by diffusion in canonical FRET systems

Quenching ratio with diffusion/Quenching ratio without diffusion
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Figure 2.22 Quenching enhancement by diffusion for a pair of cyanine dyes.

To examine the impact of diffusion in other FRET systems, we ran the same simulations to
calculate the quenching ratios of canonical FRET pairs: cyanine dyes. In general, cyanine dyes
have higher diffusion coefficients, much shorter lifetimes and smaller FRET radius compared to
PbS-CusS pairs we explored. The enhancement of quenching induced by diffusion for cyanine dyes
pairs are obviously less significant than PbS-CuS system, mainly due to much lower diffusion
length arising from their very short lifetimes (Figure 2.22). The range of parameters are determined
).46-53

based on literature about cyanine dyes (Table 2.4

Table 2.4 Parameters for cyanine dyes”

Nanocrvstals Concentration  Diffusion coefficient  Total decay rate FRET radius
v (M) (nm?ns™) (nsh (nm)
Cy3 0.1 0.28 5.56
(as donors)
Cy5 0.28 1.02 1-5
Y 0.5-10
Cy7 (as acceptors)  0.25 1.05

* Parameters in the table are taken directly from related literatures. Acceptor concentrations,
FRET radius and diffusion length are varied in a range to obtain a series of simulations.
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Distance dependence of FRET rate for NPL-QD (2D-0D) energy transfer

The FRET rate for the 2D-0D system is calculated by the following equation:

NxNy
27‘[ 1

> s
T h NN,

where §; is the overlap integral between the lineshapes of donor and acceptor, and J; is the dipole-

dipole coupling term:

EIMNPLJ (.UQD r)(.uNPLl 7)
r3 TS

Ji =

As S; is considered to be a constant, we only need to calculate the summation of coupling terms
over all small dipoles of the NPLs. Note that the energy scaling factor k,u? is omitted for now at
the convenience of extracting only the distance dependence. The analytical form is given by

continuous integration:

freely rotating QD isotropic NPL dipole allNNPL dlf; les
I 1 2m % 2m 2 —
i NN, f do | do j do' f dx f dy
0 _% 0 aNy

cos 6 (cos @ cos @' + sin@ sin @)

3
(R% +x2 +y?)2

2
3(cosBcos@px+cosfOsinpy— Rsinf)(cos¢e’ x+sing’y)

5
(R +x%2 +y?)2
73 (5] 1 1 3 (1 1
=—217|7% "Rz o2 +(——2)R 6 T TRz 123
e (4|R* (R? +15)? 21 R® (R%+1y)3
+(9 9)R4 1 1
8 8n)  |R® (R?+1d)*
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81 ) R*
3

7T(s 3)1 R >
l 4 NG To

Note that the area of integration over all NPL dipoles are converted to a circular area using polar

(33 1\ 1
! <1+ ) R <1,

coordinates for simplicity.

To find the pre-factor for the near-field FRET rate equation, we calculate the overlap of lineshapes
based on experimental spectra. The dipole moment in the scaling factor k,u? is estimated based
on reported range of oscillator strength of HgTe QDs (2-10) using the following equation*>>:

_ 3e’h
T 2myw

u?

osc
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Chapter 3
Applying Marcus Theory to Describe Photoluminescent Intermittency and

Temperature Dependent Emission in CdTe Nanoplatelets

This chapter contains unpublished work “Tan, X.; Ahmed, T.; Murphy, L.; Coffey, B.; Caram,

J.R. Applying Marcus Theory to Describe Photoluminescent Intermittency and Temperature

Dependent Emission in CdTe Nanoplatelets. ChemRxiv. 2024. https://10.26434/chemrxiv-2024-

zcggj.” This work is under peer review. The results are preliminary and based on available data.

Photoluminescence (PL) intermittency (also known as blinking) is a critical aspect of the optical
properties of molecules and nanomaterials. Considerable work has expounded on the mechanism
of blinking in nanocrystals, with the canonical model arguing that intermittently trapped charges
serve to quench emission via charge-exciton Auger recombination. The dynamics of the emission
trace are analyzed by fitting a histogram of on- and off- times to power-law distributions. These
histograms in turn, reveal non-exponential kinetics, arguing for a distribution of electron or hole
traps. What is not revealed is the origin of these distributed states, whether they arise from various
trap energetic depths, long-range electron or hole tunneling, or any other process which gives rise
to distributions of rates. In this chapter, we explore a model which invokes both a distribution of
trap energies, combined with the chemical intuition of charge transfer via Marcus theory. We find
that a self-consistent Marcus theory model can explain different power-law slopes for on- and off-
times, and the observed changes in intensity as a function of temperature in films of CdTe
nanoplatelets (NPLs). We believe this provides a self-consistent model to describe blinking
behavior that leads to unusually low PL quantum yield (QY) in CdTe, and argues that improved

passivation will be critical to achieving higher QY.
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3.1 Photoluminescence Intermittency (Blinking): Impact and Current Mechanisms

When studying single or small numbers of nanoparticles one observes temporally
distributed on and off photoluminescence (PL) from the particle, typically on millisecond to
second time scales.' ™ This phenomenon known as PL intermittency, or blinking, is a critical aspect
of the optical properties of molecules and nanomaterials. The quenching of PL quantum yield (QY)
due to blinking negatively influences the potential applications of quantum dots (QDs) and
nanoplatelets (NPLs) as fluorescent probes for biological imaging, phosphors for displays, LED
applications and emergent technologies such as single photon emitters for quantum informatics.*
7 On the other hand, blinking statistics can be leveraged to probe the surrounding environment of
nanocrystals, or as super-resolution chromophores.®’

There has been a large amount of effort unraveling the mechanism of blinking, with the
most widely accepted model arguing that the on- and off- state arises from radiative fluorescent
recombination and non-radiative charge-exciton Auger recombination, respectively. The
switching between on-state and off-state is thus attributed to the trapping and detrapping of
carriers.'” Quantitatively analyzing the dynamics of the PL time traces, it is very common to
histogram the duration of on- and off- times and fit the resultant distributions to power-law
functions.!! Exponentially distributed histogram arises from a constant rate for on-off kinetics
while power-law distributions of on- and off- times can be attributed to distributed rates.
Unfortunately, distributed kinetics could arise from many underlying mechanisms, including
distributed trap state energies, long-range electron/hole tunneling with fluctuating barrier or some
other processes.!>!3 For example, Tang-Marcus theory, or more formally the diffusion-controlled
electron transfer (DCET) theory, suggests that spectral diffusion between the potential energy

surface (PES) of donor and acceptor to be responsible for trapping and detrapping processes.'*
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This model predicts power-law distributions of on- and off- times (both with a slope of — g) with

deviations arising from more complex diffusion behavior.!>!®

As mentioned before, the key factors in the kinetics of blinking systems that impact the
blinking statistics are the trapping and detrapping processes. Intuitively, these processes could be
considered as physical processes of charge transfer, which can be further described by Marcus
theory of charge transfer. Proposed in a series of work on electron transfer reactions by R.A.
Marcus starting from 1956, Marcus theory provides us with a general method of understanding
process of charge transfer based on relatively simple but reasonable assumptions of parabolic form
of PES for charge donor and acceptor.!”? In short, electron transfer proceeds between a donor
and acceptor state separated along a general reaction coordinate. Parabolic potentials are well
justified as a consequence of solvation either charged donor or charged acceptor rates. The barrier
for electron/hole transfer arises from the reorganization energy associated with charge motion and
the curvature of the potential.

In this work, we conducted detailed study on the blinking and related behaviors of CdTe
NPLs. We synthesized 3 monolayers (MLs) CdTe NPLs (consisting of 3 layers of Te and 4 layers
of Cd) to be used in the PL microscopic measurements. In general, CdTe NPLs show low PLQY
relative to other II-VI nanocrystals. We observe that the blinking of CdTe NPLs show extremely
short on-times and long off-times, manifesting as non-identical power-law exponents for
distributions of on- and off- times. Combining the quantitative energetic relations between the
activation barrier and trap state energy given by Marcus theory with the activated kinetics of
trapping and detrapping, we explore the role of trap state energy distribution and reorganization
energy in blinking systems both analytically with the help of kinetic Monte Carlo (KMC)

simulations. The inclusion of a Marcus electron transfer picture also enables an analysis of the
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temperature dependence of PLQY based on self-consistent model which shows quantitative
agreement with experiments. To the best of our knowledge, no current models provide a solid
explanation for both non-identical on- and off- statistics and temperature dependence of QY. We
conclude by constructing an energy diagram of nanocrystals states that give rise to blinking
statistics and temperature-dependent PLQY changes.

3.2 Synthesis and Blinking Measurements of CdTe Nanoplatelets (NPLs)

We synthesized 3 MLs CdTe NPLs following previously reported procedures with a few
modifications (See Section 3.6). Absorption spectrum of as-synthesized NPLs shows
characterizing features at 500 nm and 450 nm, corresponding to heavy hole-electron and light hole-
electron transition, respectively (Figure 3.1a). PL spectrum exhibits a sharp peak at 500 nm with
a full width at half maximum (FWHM) of ~7 nm and almost no Stokes shift (Figure 3.1a). TEM
image shows NPLs with lateral sizes of 100-200 nm (Figure 3.1b). To study the PL intermittency
of single 3 ML CdTe NPL, we performed a series of measurements on films of NPLs using a
home-built wide-field PL microscope (See Section 3.6). The well-separated single NPL shows PL
blinking with completely dark state (See attached video). There were a few areas in the film where
we observed no blinking which we assigned to clusters of NPLs. We then collected PL time traces
of 30 NPLs showing blinking, and three examples of representative particles are given below
(Figure 3.1c). The time traces demonstrate that the PL intensity is fluctuating over different levels,
which clearly represents the interconversion between emissive bright state (on-state) and non-
emissive dark state (off-state). Immediately, we noticed very short-lived burst of on-state separated
by extremely long off-state. This rapid blinking with very short-lived on-state has been observed
before in nanoparticles of other morphology including CdSe NPLs, however, the durations of oft-

state were not as long as what we measured for CdTe NPLs.*!=3? In typical measurements of nearly
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5 min recording time, CdTe NPL remains dark for more than 1 min and on-state lasts for not more
than 10 sec. To characterize the PL intermittency more precisely, we investigated the statistical
properties of the on-state durations (on-times, T,,) and off-state durations (off-times, T,¢). As a
common practice, we first separated the on- and off- state by setting a reasonable threshold and
then histogram the on-times and off-times, which were used to calculate the weighted probability
of on-times (P,y,) and off-times (P,¢) (Figure 3.1d).!* The probability density functions of the
distributions of on-times and off-times are best described by power-law functions ( P,, «
Ton o"; Pogr o to_;?"ff ) with power-law slopes m,, = 1.53 + 0.18 and ms = 1.24 + 0.09 ,
respectively. These statistical behaviors of power-law distribution of on- and off- times are similar

to other blinking nanoparticles, but the obvious discrepancy between the power-law slopes of on-

times and off-times is not trivial.!'*134
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Figure 3.1 Synthesized 3 ML CdTe nanoplatelets (NPLs) and analysis of blinking. (a) Absorption (black)
and PL (orange) spectra of as-synthesized 3 ML CdTe NPLs. (b) TEM images of 3 ML CdTe NPLs. (c)
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Examples of PL time traces (black) and background (brown) for 3 different single-NPLs. (d) Histogram and
power-law fitting of the weighted probability distribution for on-times (left) and off-times (right). Data are
plotted in log-log scale.

Since the first report of PL blinking in single QDs by Nirmal et al., the fundamental
mechanism of PL blinking has been intensively studied but is still not well understood. !>
Although the mechanism of PL blinking is still under debate, the widely accepted origin of off-
state is the non-radiative Auger recombination due to charging, which involves the trapping and
detrapping of carriers in the system.!® Furthermore, the power-law distributions of time durations
in blinking are often attributed to “distributed kinetics” in the system, since with constant trapping
and detrapping rate resulting from single trap state exponential distributions for both on- and off-
times are expected (Figure 3.2a). Various models have been proposed to account for the
“distributed kinetics”, including the model with a series of energetically distributed trap states.
This type of model successfully predicts a power-law distribution for off-times, but the on-times
still follow an exponential distribution (Figure 3.2b).3” Other models based on diffusion of energies
in the system, including the model of charge tunneling as the essence of trapping and detrapping
processes where the energy of tunneling barrier is changing over time (Figure 3.2c), produces
power-law distributions for both on- and off- times with identical power-law slopes. !+
Unfortunately none of the models provides a solid explanation for our experimental observations.
Considering the important roles trapping and detrapping play in the blinking statistics, we
intuitively think of the Marcus theory of charge transfer as a potential model we can implement in
the study of blinking. Since Marcus theory only provides the relation between activation barrier
energy with trap state energy, further analysis is required to unravel the new blinking behaviors

(Figure 3.2d).
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Figure 3.2 Possible models for explaining “distributed kinetics” and their predictions on time distributions.
(a) Model of single trap state, predicting exponential distributions for both on-times and off-times. (b) Model
of distributed trap states, predicting exponential distribution for on-times and power-law distribution for off-
times. (c) Model of diffusing tunneling barrier, predicting power-law distributions for both on-times and off-
times with identical power-law slopes. (d) Model of blinking based on Marcus theory of charge transfer. This
intuitively correct model could potentially predict different power-law statistics for on-times and off-times.

33 Quantitative Analysis on the Power-law Distribution of On- and Off- Times

In this section we briefly summarize how distributed kinetics result in power-law
distributions for on-times and off-times. We start with a canonical model with a fixed activation
barrier and an exponential distribution of trap state energies (Figure 3.2b). First, we repeat the
general mathematical treatment to derive power-law statistics.>* The exponential distribution of
energy € can be described using the normalized probability distribution function p(e) =
ae” % (e > 0), where the exponent « is the characteristic parameter of the distribution. With the
model of activated kinetics, the rate k naturally takes an exponential dependence on energy ¢ as

well, following the conventional Arrhenius equation k = koe #¢ (0 < k < k,), where the
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1
exponent f = v depends on temperature and the pre-factor k, sets the upper bound of the rate

(i.e., attempt frequency) which is achieved in the no-barrier case. Borrowing the notations from
statistics, the probability distribution function of a rate random variable K is by definition

calculated as:

£ = - [Pr( < ) G.1)

where Pr(K < k) is the probability of the value of random variable K being lower than a specified

number k (i.e., the cumulative distribution function). This can be converted to the probability

. . . . . . k
associated with energy random variable E using the Arrhenius equation: K < k = E > %ln 70

And the cumulative distribution function is given by:

1. ko
FIHT

Pr(K < k) =Pr (E > %m%) =1- f p(e)de (3.2)

0
Combining (3.1) and (3.2), we get the probability distribution function of rate:

1. ko
EIHT

d
fl)=——2 | ple)de=
0 k

gk%_l
p k€ (0,kg) (3.3)

© ™K

which already takes the form of a power-law function.

We then consider the distribution of times given the distribution of rate. For a process with
a constant rate k, the times spent for this process t follow the Poisson distribution P(t) =
ke=*t (t > 0). To do the same calculation with distribute kinetics, we again use the cumulative

distribution function of a time random variable T':

p(t) = %[Pr(T < t)] (3.4

where the probability Pr(T < t) should sample all possible rates:
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ko t ko
Pr(T <t)= ] f(k)dka(T)dT = ] f(k)(1—e*dk (3.5)
0 0 0
The probability distribution function of times is then given by:
ko ko ko
d d
p(t) = _Ef f(k)e *tdk = —f E[f(k)e-'“]alk = f f(k)ke *dk (3.6)
0 0 0
Finally, plugging in previously obtained distribution of rate in equation (3.3), we have:
ko O , %-1 a a
ngﬁ gY(1+35.kot)
p(t) = ] ———ke t*dk = _— (3.7)
o Kk KBt

where y is the lower incomplete gamma function and can be reduced to the following form:

p(t) =4

where I' is the complete gamma function. Based on equation (3.8), when the measured time scale
is faster than the attempt frequency k, the histogram averages out, resulting in a plateaued
probability function; when the measured time scale is slower than the attempt frequency k,
instead, the distribution follows the power-law distribution (See Section 3.7, Figure 3.6). Under
experimental conditions the attempt frequency is typically very fast and the range of detection is

limited, so we usually only observe the power-law distribution represented by equation (II). In

a
( Fko
oy kot < 1
+_
B
a a
p = B ~a+p kot > 1
L K

D
(3.8)
(1D

log-log plot, the power-law distribution appears to be linear where the power-law slope —(1 + %)

is determined by a and f, which are related to the width of energy distribution and temperature,

respectively.
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Now we introduce the more sophisticated model of electron transfer, Marcus theory, to the
consideration of blinking process. Marcus theory quantitatively relates the activation energy E,

and the trap energy E};, with a newly defined reorganization energy A (See Section 3.7, Figure 3.7):
1 2
Eq = 55 (A~ Ey) (3.9)

By combining the energetic relations in Marcus theory with the trapping and detrapping
rates, we analyze blinking behaviors in the context of a variable electron trap energy. For

simplicity, we keep the exponential distribution of trap state energy: p(Ep) =

abe‘“b(Eb‘Eg) (E, > E). Note that now the trap state energy has a non-zero lower bound. The

trapping and detrapping rate naturally have the Arrhenius dependence on activation barrier energy

E, and reverse barrier energy E,., respectively: k, = k{ exp(— i—;) kg = k3 exp(— i—;), where the

reverse barrier E, is simply defined as E, = E; + E, = ﬁ(/l + Ep)?. In order to find the

distribution of rates, we first find the distribution of energies:

9a(E) = %Pr(Ea <E)= %Pr[(z — 2VAE) < E, < (A + 2V2E))] (3.10)
d d
g-(E) = EPr(Er <E)= EPr[Eb < (2V2E - 2)] (3.11)

There are two regimes of Marcus theory with very different behaviors depending on the
relative distance of reaction coordinates: normal region and inverted region. We first discuss the
case of inverted region where A < E}, always holds (i.e., A < E}). The cumulative distribution

function in equation (3.10) is then reduced to:

A+2VAE
Pr(E, < E) = Pr[E, < (A +2VAE)] = j p(Ep)dE, (3.12)
Ep

and similarly, for the distribution of reverse barrier energy described by equation (3.11):
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2VAE-2
Pr(E, < E) = Pr[E, < (2V2E — 1)] = f p(Ep)dE, (3.13)

0
Ep

Plugging expressions (3.12) and (3.13) back in (3.10) and (3.11) respectively, we get:

_ p0y2
ga(Ea) — iabe_ab(lﬁ'zﬁ/’{Ea—El?), Ea E (A Eb) ) 0 (3'14)
E, 42
A JAFr—A—EY (A + Ep)®
gr(Er) = _afbe_ab(2 Er= _Eb); Ee|———, (3.15)
E, 41
042 0y2
where EQ = @Ep) and EQ = O*Ep)” are the lower limits of E, and E,, respectively.

47 47

These distributions are not strictly exponential but we can still extract an exponential index that

can be used to conveniently estimate the power-law distribution of on-times and off-times. Taking

the logarithm of the probability distribution functions, we have: In[g,(E,)] = C, — iln E, —

2ap/AE, and ln[gr(Er)]=Cr—%1nEr—2ab,MEr , where C, and C, are parameters

independent of E, and E,.. We then do Taylor expansion of both expressions to the first order at

EQ and E?, respectively:

In[g,(E.)] = C. L Ea 2a,V2 La 24 + 24 _E
= —_——_——— X — |——— —_—
In[g,(E,)] = C; LEr 2a,V2 Er 24 + 24 _E
= - — o« — —_—
n{g-\Ly r 2E7(-) ap 2 E;) _E;(,) +Aab (E;? +A)2_ r (317)

We can then further estimate the power-law slopes based on the results from Taylor expansions:

[ 22 20
slopegn = —(1 + @o,RT) = — {1 + m ap + W RT} (3.18)
1 =—1+ RT 1+_ 2 + 24 _RT 3.19
slopeogr = —(1 + aoffRT) = _E{,’+Aab E+ 2] (3.19)
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Since reorganization energy A is positive, this naturally predicts a larger absolute value of power-
law slope for on-times than that of off-times.
Finally, we discuss the case of normal region. Assuming A > E; always holds, equation

(3.10) is then equal to:

A
Pr(E, < E) = Pr[E, > (A —2VAE)] = f p(Ep)dE, (3.20)
A—2VAE

Note that since 2VAE — A < A always holds when A > E}, is true, the expression of distribution
function for reverse barrier remains unchanged. The probability distribution function of activation

barrier energy can be expressed as:

A 1 — EO 2
9o(Ey) = /E_abe—ab(l—zw/AEa—Eg),Ea € <0, %) (3.21)
a

which shows a positive exponent. Therefore, we should modify the original general analysis to
accommodate this change. Following the recipe above, we obtain the distribution of on-times in

the normal region (See Section 3.7):

al
kmaxa, F ' a’ al
LA , o (1——,k t)— 1-% k¢
p'(t) = f e ke-tkdk:“_koﬁy p IY( g Kmin®) (3.22)
a (24
kmin k?+1 ﬁ tl_F

where ki, and k.5 are the lower and upper bound of trapping rates, respectively. Note that this
! !
conversion to gamma function requires 1 — % > 0. Since % > 0, the value of exponent for on-

times distribution is then guaranteed to be in the range (0, 1), which contradicts the usually
observed range for power-law exponents, (1, 2) (Table 3.1).
To summarize, we qualitatively describe the blinking behaviors in the two regimes of

Marcus theory. With an exponentially distributed trap energy, the detrapping rates in both regimes
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follow similar trend that the deeper traps which are harder to escape from are less accessible.
However, the distributions of trapping rates are different in the two regimes: in the inverted region,
deeper traps correspond to higher activation barriers, resulting in smaller chance of carriers going
through trapping processes with lower rates, which is identical to the situation of detrapping; in
the normal region, deeper traps correspond to shallower activation barriers, resulting in smaller
chance of carriers going through trapping processes with higher rates, which is a reverse trend

compared to detrapping, reducing the power-law slope of on-times distribution to be less than 1.
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Figure 3.3 Comparison of analytical and simulated results between normal region and inverted region of
Marcus theory. (a) Blinking behaviors in the normal region of Marcus theory. Energy diagram (top left)
shows the relative positions of donor and acceptor parabola and related energetic parameters. Analytical
analysis (top right) predicts the range of power-law slope for on-times and off-times to be (0,1) and (1, 2),
respectively. Kinetic Monte Carlo (KMC) simulations (bottom) produce intensity traces and power-law
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analysis of the distributions of on-times and off-times. (b) Blinking behaviors in the inverted region of Marcus
theory. Energy diagram (top left) shows the relative positions of donor and acceptor parabola and related
energetic parameters. Analytical analysis (top right) predicts the range of power-law slope for on-times and
off-times both to be (1, 2). Kinetic Monte Carlo (KMC) simulations (bottom) produce intensity traces and
power-law analysis of the distributions of on-times and off-times.

The analysis above suggests that Marcus theory can be used to provide a more concrete
basis for the activation barrier model of electron transfer which further quantitatively explain the
photoluminescence intermittency (i.e., blinking) in nanocrystals. It is worth to emphasize that this
indicates that blinking-related electron transfer processes have to be attributed to the inverted
region in Marcus theory. This naturally results in different power-law slopes for on-times and off-
times that matches the analysis of experimental data. Indeed, this result is complemented by recent
reports that charge transfer processes in low-dimensional nanocrystals such as nanoplatelets and
quantum dots occur in the Marcus inverted region adding further credibility to this idea.*°
As a final confirmation, we carried out kinetic Monte Carlo (KMC) simulations with the model of
activated kinetics and energetic relations of Marcus theory (See Section 3.7). The simulated
intensity traces in inverted region show very short on-times similar to experiments, while those in
normal region have much longer on-times (Figure 3.3a). Further power-law analysis on the
intensity traces also matches the analytical results for both regimes: in the normal region the
distribution of on-times has a power-law slope less than 1, and in the inverted region the power-
law slope of on-times distribution is larger than that of off-times distribution, both falling in the
regular range (1, 2) (Figure 3.3b).

3.4  Temperature Dependence of PLQY

The analysis above matches quantitatively with the power-law analysis of single-nanocrystal
intensity traces at room temperature. Based on equations (3.18) and (3.19), a temperature
dependence of blinking is naturally expected, which could be reflected as the change of power-

law slopes. However, the expected change is not easy to observe since blinking are generally
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suppressed at lower temperature.*'**> We instead address temperature dependence of the QY in
CdTe NPLs, as the involvement of activated kinetics strongly implies that lower temperature
should dramatically influence the PL intensity. We managed to measure significant increases in
integrated PL intensity of films of CdTe NPLs as temperature decreases (Figure 3.4a and b),
consistent with prior reports.**~*® Note that the emission traces are rather complicated with features
of mid-gap emissions, which has been discussed in other work.*’>! Here we also consider all the
features in PL traces when calculating the integrated intensity for QY comparison. The QY value
we measured for film of CdTe NPLs at room temperature was ~9%. We will thus explore the

consequences of a Marcus theory based blinking model on PLQY.

a C

— 75K
| — 100K

PL intensity (a.u.)

550

600

No Marcus theory
Activated state

Trap states

NPL

Marcus theory (inverted)
Donor Activated states
A

Acceptor

Trap states

NPL

450
Wavelength (nm)
1.6

b

7 L L |
—
o
8
S6¢ 108
[
@
Q.
Est >
() =<
g
2a m 10.0
£
s 31 "
©
b
$2r = Js
E ("I ] 0.8
St - = 20} "

50 100 150 200 250 300 80 100 120 140 160 180 80 100 120 140 160 180

Temperature (K) T(K)

Figure 3.4 Experimental and theoretical study on temperature dependence of PLQY of blinking 3 ML CdTe
NPLs. (a) Temperature dependence of PL traces measured for films of CdTe NPLs. The wide features
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represent emissive mid-gap fluorescent states in the nanoplatelets. (b) Increase of the PL intensity
compared to room temperature. Calculated using the integrated intensity of PL traces in (a). (c)
Temperature dependence study of QY-related functions. Top: comparison of the model without Marcus
theory (blue, left) and the model with Marcus theory (yellow, right). Bottom: predictions on functional
dependence for both models. Inset: QY-related function plotted against reciprocal temperature for the case
of no Marcus theory.

Although QY could be influenced by complicated underlying kinetic processes including
radiative decay, non-radiative decay, etc., in nanocrystals, it is generally thought that the primary
contributor to changes in ensemble QY arises from single-particle PL intermittency. Implicit to
this assumption is that the on-state in single-particle intensity traces possesses a QY of 100%, and
the off-state has a QY of 0%.523 Asserting these conditions, we hypothesize that the temperature
dependence should offer an additional set of constraints and allow us to estimate the Marcus theory

parameters that go into our computation.

(ton)

(ton)+(toff)’ where

Given these assumptions, QY can be expressed as the percentage: QY =

(ton) is the mean on-time and (t,¢r) is the mean off-time. The subscript t indicates the definition
in terms of times. This general calculation works well for intensity traces where a considerable
amount of switching events of interconversion between on-state and off-state that can be observed
in a single measuring time t,,, i.e., (ton) {torr) K t;. When reaching lower temperatures,
however, the blinking is suppressed and the mean on-time could drastically increase, thus the

previous equation fails to accurately describe QY. Instead, we can use the modified calculation:

(ton) . . . . .
QY, = t"“ , which works for the case where mean on-time is more comparable with measuring
m

time, i.e., {ton), {tofr) ~ tm. This would ignore photobleaching/photobrightening processes that

occur over longer time-scales.**

100



Now we consider the calculation of mean time. Based on the probability distribution of time

%r(1+%)

demonstrated in (3.7), we have: (t) = fooo tp(t)dt = — fooo t Bdt. Note that in realistic
k

S ™R

experiments the upper limit of integration should be replaced by the measuring time t,,;:

Mtfm F Rt = 5" (% ’ 1) t:”_% (3.23)

() ~ P 2 .
0 kg

=5

© ™R

k

Plugging (3.23) into the defining equations, we have the expression for QY in all temperature

range:

,  Aton) "
( QY; = oy + (6 (ton), (tofr) K tp; high T

QY = (3.24)

@onRTT (@0, RT + 1) i
P = on — aonRT (tmkt,o) aonRT <ton), <t0ff) ~ tm’ lowT
on

0
where a,, is the trapping rate distribution exponent in (3.18), and k. = k¢ exp(— i—“T) is the max

trapping rate with the lowest activation barrier energy. Based on equation (3.24), both functions
show an increase in QY when lowering the temperature, but the increase is more drastic in the low
temperature calculation, which agrees qualitatively with the overall trend in the experimental data
(See Section 3.7, Figure 3.8).

As for quantitative analysis, we focus on the QY expression at low temperature for simplicity. We

start by defining a new function y(T):

y(T) = L = (tk ) ~@or®
aonRTT (aonRT + 1) e (3.25)
1 — aonRT
Taking the natural logarithm of y(T), we have:
0 Ea 0 0
Iny(T) = —aonRT |In(t, k7)) — 7T = aonEqd — In(t, ki) agyRT (3.26)
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The function In y(T) is linear with respect to temperature, and from the intercept ¢ we can further

Cc

extract the lowest activation barrier energy EQ = - Combining the expression for EY, a,, and

On.
aoff, We have 3 equations we can then solve for parameters related to trap state energy distribution
(EQ and a},) and reorganization energy in Marcus theory (1) (See Section 3.7).

As a comparison, we repeat the analysis for the model of single activation barrier (Figure

3.2b). The average on-time simply depends on the single trapping rate k;:

(ton)s = | tp(O)dt =k, | te™™'dt = == ———F— (3.27)
0 0 £ klexp(— ﬁ)
The QY is then given by:
E
{ton)s _ eXP(RP) (3.28)
QYt,s - t - ko
m t tm

Taking the natural logarithm of QY ¢, we have:

E
InQY, s = R—; — Ink2t,, (3.29)

This predicts a linear dependence on reciprocal temperature (1/T) of the natural logarithm of the
QY, In QY; ¢, which is starkly different from the result based on Marcus theory in equation (3.26).
Following the analysis above, we carried out the quantitative analysis on experimental data based
on both the model of Marcus theory and the model of single activation barrier (Figure 3.4c). The
model of Marcus theory again matches very well with experimental data, while the single
activation barrier model fails. Along with the previous analysis on power-law slopes for time
distributions, we are able to provide self-consistent model which quantitatively explains the

experimental observations. With the solved parameters, we can further reconstruct the energetic
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structure of the nanoplatelets, providing us with more in-depth understanding on their

photophysical properties (Figure 3.5).
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Figure 3.5 Reconstruction and confirmation of energetic structure with extracted parameters. (a)
Reconstructed energy diagram for the blinking CdTe NPLs. The values of band gap, reorganization energy
A and distribution of trap state energy and activation barrier energy are shown; (b) Simulated intensity traces
and histogram of on-times and off-times with calculated energetic parameters.

3.5 Conclusion

Starting from chemical intuitions, the self-consistent model with Marcus theory of charge transfer
and activated kinetics successfully explains the blinking behaviors observed in single-NPL
experiments. A combination of analytical modeling and kinetic Monte Carlo simulations agree
quantitatively with most of the blinking statistics and temperature dependence of quantum yield
of 3 ML CdTe NPLs. Furthermore, we find that such carrier transfer process is likely occurring in
the inverted region allowing us to construct reasonable estimates of trap energies and distributions
in CdTe NPLs. Interestingly, the presence of deep traps leads to lower quantum yields at room
temperature, as the barrier from the on-state to a deep off-state can be more easily overcome. We
hypothesize that deep traps in CdTe NPLs may be responsible for the relatively low QY in these

NPLs.
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We note several limitations to this minimal model. For computational simplicity, we input an
exponential distribution of trap energies, each with identical parabolic curvature. This allows us to
follow the conventional methodology where the invoked trap variability arises from a variable
tunneling barrier process (which will also show an exponential distribution of tunneling
probability).>> As the choice of trap distribution goes directly into the power law, any deviation
would result in a different power law (or potentially non-power law statistics; See Section 3.7,
Figure 3.9). Another limitation is that we make no claims as to the nature of the electron or hole
trap that is responsible for Auger-assisted blinking. Defects, delocalized surface states, dangling
bonds, oxidative chemistry all may play role in trapping, and all would have different electron
transfer coordinates and reorganization energies. Any realistic model would require computing
these coordinates and their reorganization energies independently. It is also important to note that
in all the analysis we conducted using this model, we consider only the thermally driven processes
of trapping and detrapping, without invoking any light-assisted mechanisms.

However, despite these noted limitations we hypothesize that blinking mediated by Marcus
electron transfer could be extended to other systems as well, and perhaps provide a plausible
mechanism for reversible photobleaching in nanocrystal films.>* As Table 3.1 shows, generally
off-times have smaller power laws than on-times across several other nanocrystal species, a feature
that is not described by most models of blinking. Longer off-times is a natural result of barrier
heights being proportional to trap depth in the inverted region, a unique feature could provide
insights into improving nanomaterials. This asymmetry could lead to photobrightening and
photodimming features. Future work could test specific chemical mechanisms of blinking,

introduce electron or hole traps into the material with known relative energetics, probe temperature
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dependence of blinking, or ensemble photodimming as potential downstream consequences for
quantum dot photophysics.

Table 3.1 Examples of power-law exponents values for blinking materials

Power-law exponents?

Materials References
On Off
/ 1.6 Kuno et al., 2000"!
1.91 1.37-1.79°¢ Kuno et al., 2001'?
b 1.93 1.40 van Sark et al., 2002°°
CdSe/ZnS core/shell QDs / 165 Issac et al., 20057
1.9 1.4 Pelton et al., 2007
CdTe QDs 12 12 Shimizu et al., 20013
InP QDs 2.0 1.5 Kuno et al., 2001°8
CdS QDs / 1.65 Verbek et al., 200237
Si nanocrystals 2.2 1.3 Cichos et al., 2004
Perylene trimer (TPD) molecule / 1.39 Hoogenboom et al., 2005%°
CdSe/ZnS core/shell nanorods / 1.08-1.23 Wang et al., 2006°!
PbS QDs 1.36 1.22 Peterson et al., 2006%2
CdSe nanowires 1.7 1.6 Glennon et al., 2007%
CdSe/CdSe core/shell QDs 1.57 1.38 Chon et al., 2011%
CdTe NPLs 1.53 1.24 This work

?The minus signs are omitted for convenience;

b CdSe QDs overcoated with ZnS;

¢ A range is shown when multiple values of exponents have been reported.
3.6 Experimental Details

3.6.1 Chemicals

Tellurium (Te) powder (Acros, 99.8%), tri-n-octylphosphine (TOP) (Alfa Aesar, 90%), cadmium
oxide (CdO) (Alfa Aesar, 99.95%), propionic acid (Acros, 99%), oleic acid (OA) (Alfa Aesar,
99%), 1-octadecene (ODE) (Alfa Aesar, 90%), isopropanol (Fisher, 99.5%), hexanes (Fisher,
98.5%) and propionic acid (Acros, 99%). All chemicals were used as received without further
purification.

3.6.2 Synthesis of precursors
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TOP-Te (1 M). In a small flask, 0.254 g of Te powder and 2 mL of TOP were degassed under
vacuum at room temperature. The solution was stirred under Argon (Ar) flow at 275 °C until the
dissolution was complete, and then cooled and stored under protection of Ar.

Cadmium propionate (Cd(prop)2). 1.036 g of CdO powder was mixed with 10 mL propionic
acid under Ar flow for 1 hour. The flask was then heated at 140 °C after opening to atmosphere in
order to reduce the volume by half. The white solution was precipitated with acetone and
centrifuged. The supernatant was discarded, and the solid was dried and stored in a vacuum
desiccator.

Cadmium oleate (Cd(oleate)2). 0.96 g of CdO (7.5 mmol) and 15 mL of OA were charged into a
25 mL round bottom flask. The mixture was heated at 200 °C for 1 hour under Ar flow. Once the
solution turned colorless, the mixture was brought to 60 °C and degassed for 1 hour. After this, it
was stored at room temperature and subsequently used in the reactions described below.

3.6.3 Synthesis of 3 ML CdTe nanoplatelets (NPLs)

The procedure was adapted from previous reports of synthesis of 3 ML CdTe NPLs with a few
modifications.®>% In a 50 mL three-neck flask, 130 mg of Cd(prop)2 (0.5 mmol), 80 uL of OA
(0.25 mmol), and 10 mL of ODE were stirred and degassed under vacuum at 80 °C for 2 h. The
mixture was then put under Ar and heated to 210 °C. When the desired temperature was reached,
a solution of 100 uLL 1 M TOP-Te diluted in 0.5 mL of ODE was swiftly added. The reaction was
maintained at the same temperature for 30 min for the NPLs to grow. After that, the heating mantle
was removed. When the flask was cooled down to about 120 °C, 1 mL Cd(oleate), separately
heated to 100 °C was injected and the reaction was quenched. Hexane (20 mL) and isopropanol (5
mL) were added and the solution was centrifuged at 7000 rpm for 10 mins. The supernatant was

discarded and the solid precipitate was re-dispersed in hexane.
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3.6.4 Materials Characterization

Absorption spectra were acquired with an Agilent Cary 60 UV-Vis spectrophotometer.
Photoluminescence (PL) was collected using FluoroMax spectrofluorometer by Horiba Scientific.
Absolute photoluminescence quantum yield (PLQY) measurements were recorded with a petite
integrating sphere in the Horriba spectrometer. Transmission electron microscopy (TEM) images
were acquired with a FEI Tecnai T12 120kV TEM. The nanoplatelets were diluted in hexanes and
drop casted on Ted Pella, Inc. carbon/formvar 300 mesh copper grids.

3.6.5 Photoluminescence (PL) microscopy

For the single-molecule PL study, films of NPLs were prepared following a drop flow technique.
A diluted solution of as-prepared 3 ML CdTe NPLs in hexanes (concentration at around
picomolar) was drop cast on a glass coverslip kept at a small incline and dried in air for 5 min.
This single NPL was probed using a home-built PL microscope. The films of NPL were excited
using a 400 nm CW diode laser with excitation intensity ~40 W/cm?, and the PL signal was
collected through an oil-immersion objective (Nikon, Plan Apo, 100x, NA 1.45), passed through
the dichroic mirror and 425 nm long pass filter, and directed to an imaging spectrometer (Kymera
193, ANDOR) mounted with EMCCD camera (ANDOR IXON-L-888). The PL time traces were
collected with an integration time of 100 ms.

3.7 Supporting Information

This section contains details of analytical analysis of blinking model, kinetic Monte Carlo method,
temperature dependence study and solving equations.

Theoretical time distribution: incomplete gamma function
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Figure 3.6 Incomplete gamma functions describing the theoretical results for distributions of time with 3
different attempt frequencies. All functions show a plateau part and a power-law part as explained in the
main text. The height of plateau and the “transition point” depends on the attempt frequency k.
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Energetic relations based on Marcus theory of charge transfer®’

E

Donor

Acceptor

9%b e Aa

Figure 3.7 Energy diagram of Marcus theory. Potential energy surfaces of both donor and acceptor are
shown, along with energies, reaction coordinates and corresponding states including excited state (black),
transition state (green) and trap state (red).

Briefly, the potential energy surface for both electron donor and acceptor are considered to be

parabolic with respect to reaction coordinates:
1 2 2
Ep(q) = 5;mw5(q — dp) (3.30)

1
E (q) = E‘mw%(q —qu)*—E, (3.31)

the activated state is then determined by the intersection q.:

:‘JA+CID E} 1

- 32

‘ 2 mwgqa—dp (3:32)

For convenience, reorganization energy A is defined as:

1 2 2
A =Ea(qp) — E4(qa) = Emwo (o — q4) (3.33)
and finally, we can relate the activation energy using:
1 2

E, = E(A—Eb) (3.34)
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Time distribution in the normal region of Marcus theory
Starting with modified distribution of energy:

p'(e) = a'e® ¢, x € (0, &)
where the exponent a’ is given by:

;22 22
TSR T B -2

the range of rate also changes so we substitute with non-trivial bounds:

k' = koe_ﬂx: k" € (kmin Kmax)

The distribution of rate is then calculated by:

k ’
pe o
I d 1 F 0
fllk) =—— p'(x)dx = —
dk o
kmin k 'B

And the distribution of times is then given by:

!

, @ :

kmaxa_koﬁ , a_’y(]_ _a_:kmaxt> —)/(1 —a—, kmint)
p'(t) = J- ,E'a’ ke™"dk = %koﬁ £ a’ :

S s ' F
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Kinetic Monte Carlo simulations on blinking

The kinetic Monte Carlo modeling is adapted from previous reports with some modifications.>’
Initialization. The energetic parameters including minimum trap state energy (Ey), trap state
energy distribution exponent («;) and reorganization energy (A). Typically, the excitation rate k.
and radiative recombination (fluorescence) rate k, are set to be 5 X 10° s™*and 1 x 107 s,
respectively. The attempt frequency for both trapping processes (k?) and detrapping processes
(k9) are selected based on the values of energetic parameters to produce reasonable intensity traces
with obvious features of blinking.

Rate calculation with random number generator (RNG). Based on the state NPL is in, we
consider the different possible kinetic processes and corresponding rates. In ground state, the only
possible process is excitation to excited state; in excited state, it is possible for NPL to go through
fluorescent process emitting a photon, or overcome the activation barrier to get trapped in the trap
state; in trap state, it is possible for NPL to overcome the reverse barrier and get detrapped to
excited state. Each time the NPL is going through the trapping process, a random trap state energy

E}, is first drawn from the exponential distribution of trap state energy:

In(rand)

E, = Ep -

where rand is random number in (0,1). The activation energy E, is then calculated by:
1 2
E, = ﬁ A - Ep)
and the trapping rate is calculated based on the generated random activation energy E,:
E
ke = kf exp(——=
t ¢ exp( RT)

and the corresponding detrapping rate should be calculated based on the reverse barrier energy:
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E, +E,

0 E; 0
ka = ka exp(—r) = ka exp(——p-

)

It is worth mentioning that only after the trapped NPL gets detrapped back to excited state a new
random trap state energy Ej will be generated. This is to make sure the statistics of random
energies correctly reflect desired distributions, without problems of ‘“undersampling” or

“oversampling”.

Pathway selection. Based on the state the NPL is in, we calculate the total sum of rates:
kiotar = Z ki = kexe + kv + k¢ + kg
i

Note that in real cases one or more terms in the equation above is equal to 0 since the corresponding
process is impossible and should be excluded from calculation. The pathway selection is then

realized through BKL algorithm by considering partial sum of rates:

J
S]':Zkl'
i

The jth path will be chosen after generating a random number to compare with total rate:
sj > rand - Keprq

To advance the clock, we generate another random number:

_In(rand)

ktotal

Binning and power-law analysis. In blinking simulations, we register the accumulated time every
time the NPL go through the fluorescent recombination pathway. We then bin the registered times
with a bin time of 107 s to extract the intensity traces. To analyze the statistics, we set a threshold
of intensity to distinguish between on-state and off-state. This can be more reasonably done by

fitting high/low counts of intensity traces to two Gaussian functions than randomly choosing a
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threshold. Intensity traces are then separated to segments of on-periods and off-periods, and we

histogram the on-times and off-times followed by fitting them to power-law functions.
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Calculation of QY at different ranges of temperatures
As mentioned in the main text, the calculation of QY will change with different temperatures.

Following the equations in main text, the QY-temperature dependences are graphed in the figure

below:
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Figure 3.8 QY calculation at low temperature (top left) and at high temperature (top right). QY-temperature
curves at both high temperature (black) and low temperature (red) regions are also plotted in log-scale
(bottom). Note that in the bottom graph, different styles of the curves represent different minimum trap state
energies (EJ), and the “transition points” between two temperature regions are marked with blue circles.

At both low temperature and high temperature, the QY increases with decreasing temperature, but
the increase is much more significant at low temperature, which agrees with the experimental
observations where we saw small increase of QY when close to room temperature, followed by

much more drastic increase of QY when lowering the temperature.
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Solving the equations for E 2, ap and A
Based on the power-law analysis and temperature dependence study, we have 3 equations of

unknown variables Ep, a;, and A:

24 24
EI()) — ﬂ,ab + (EI()) — )2 = Qon (3.40)
21 24
2%t e = o (3.41)
0 1\2
—(EbM’D — O (3.42)

where a,, and a,¢ are calculated based on the power-law slopes of time distributions at room
temperature, and E? is obtained from the analysis on temperature-dependent QY. First, we have a

new expression for EY by solving (3.42):

E)=2+2 /Eg\/I (3.43)

The other solution of the original quadratic equation is dropped due to the limiting conditions of
inverted region (1 < Ep). Plug (3.43) into (3.40):

VA 1

—ab+—=aon:>\/z=

VES T 2k

where k is also a variable with known value:

2EQaon —1 _ k. .44)

2\/5_30% @b

I = 2E%a,, — 1
24 E?
Similarly, plug (3.43) into (3.41):

21 . 22
—a =
22+ 2JENT (22 + 2JEND)?

Aoft
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VA 1 1

S ————ayto—————— = Ay (3.45)
VA+VES T 2(A+VED?:
Plug (3.44) into (3.45):
k N 1 1
5 = Qoff
VA+E Z(WA+ED?
= 2a6(VA+ [ED? — 2k <\/Z + /Eg> —1=0 (3.46)

where we get a new quadratic equation of the unknown variable VA + /E2. Solving equation

(3.46), we have:

2k + /4k? + 8«
VA + /Eg = off

4o

The other solution is dropped for reasonable positivity. The value of A is finally given by:

2

4daor

and the values for Ef and a; can be obtained by plugging the value of A back into (3.43) and

(3.44), respectively.
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Blinking statistics with Gaussian distribution of energy

Gaussian energy distribution
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Figure 3.9 Simulation of blinking based on Gaussian distribution of trap state energies. The reorganization
energy A is selected to be small enough to make sure it remains in the Marcus inverted region. We can
observe obvious deviations from power-law statistics for both on-times and off-times distributions.
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Chapter 4
Kinetic Monte Carlo Simulation Assisted Study of Anisotropic Growth of

Semiconductor Nanoplatelets

This chapter contains unpublished work “Ahmed, T.; Tan, X.; Li, B.; Williams, J.; Cook, E.;
Tiano, S.; Tenney, S. M.; Hayes, D.; Caram, J. R. Hetero-confinement in Single CdTe

Nanoplatelets. ChemRxiv. 2024. https://doi:10.26434/chemrxiv-2024-85hg8.” This work is under

peer review. This chapter also contains other unpublished work by Xuanheng Tan and Justin

Caram. The results are preliminary and based on available data.

Thorough understanding of anisotropic growth of atomically thin II-VI nanoplatelets (NPLs)
remains an open challenge. Two important characters of NPLs capture the most attention:
thickness and lateral size. While CdSe NPLs have been made with confinement ranging from 2-
11 monolayers (ML), CdTe NPLs have been significantly more challenging to synthesize and
separate. On the other hand, despite the better thickness selectivity of CdSe NPLs, generally CdTe
NPLs can be extended to achieve larger lateral size through synthetic control. Here we provide
detailed mechanistic insight into the layer-by-layer growth kinetics of CdTe NPLs.
Experimentally, our work suggests that beyond 2 ML CdTe NPLs, higher ML structures initially
appear as hetero-confined materials with co-localized multilayer structures by combining
ensemble and single particle spectroscopic and microscopic tools. In particular, we observe
strongly colocalized 3 ML and 4 ML emissions accompanied by a broad trap emission. Transient
absorption, single particle optical and atomic force microscopy suggests islands of different MLs
on the same NPL. To explain the non-standard nucleation and growth of these hetero-confined

structures, we simulated the growth conditions of NPLs and quantified how monomer bond energy
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modifies the kinetics and permits single NPLs with multi-ML structures. In addition, the kinetic
Monte Carlo (KMC) simulations also revealed the bond energy dependence of size distribution of
NPLs. Our findings suggest that the lower bond energy associated with CdTe relative to CdSe

limits higher ML syntheses and explains the observed differences between CdTe and CdSe growth.

4.1 Observed Difference in Anisotropic Growth of CdSe and CdTe Nanoplatelets (NPLs)

In recent years significant effort has gone into controlling the size, composition, and
dimensionality of semiconducting nanocrystals.! By changing the latter, chemists have
synthesized tunable quantum dots, rods, and nanoplatelets (NPLs) structures (0-, 1- and 2-D
materials respectively). NPLs in particular show control over the band gap with the change of
thickness dimension.*> Furthermore, while the lateral dimensions of these NPLs can range from
tens of nanometers to micrometers, the optical properties are mainly controlled by the thickness
dimension allowing for nearly homogeneous absorption and emission properties.® The 1D
confinement in these systems results in unique optical and electronic properties including
spectrally pure photoluminescence (PL), large absorption cross-sections, boosted optical gain,
high-efficiency energy transfer, and surface dielectric/strain tunable exciton binding energies.>*”~
19 Although the unique behaviors make them promising materials for applications in lasers, field-
effect transistors, solar cells, and light-emitting devices, the basic understanding of the mechanism
behind the anisotropic growth of those NPLs is still hotly debated.3%!!-!7

Among the various Cd-chalcogenide systems, CdSe NPLs have been the most investigated
ones with researchers exercising control over thicknesses (N ML zinc-blende NPLs consist of N
layers of Te/Se/S and N+1 layers of Cd) and hetero-structure type (e.g., alloy, core-shell and core-

crown) and incorporating them into applications from lasing to scintillation.'®2* In contrast,
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despite the reported synthesis of CdTe quantum dots and nanorods, NPLs of this composition
remain relatively understudied regardless of intriguing properties including a lower band gap for
bulk CdTe (1.44eV compared to 1.74eV/2.24eV for CdSe/CdS), larger lateral area, and potential
connections to the large market for photovoltaic and photodetection devices.?*>?

Being of the same II-VI semiconductor family, CdTe and CdSe NPLs show well-separated
and sharp absorbance of heavy-hole and light-hole excitonic transitions, giant oscillator strength
transitions, and narrow and tunable emission, but there are a few clear differences in their
chemistry and photophysical properties.’> While distinct and easily separable thickness
populations are demonstrated for CdSe, a mixture of different thicknesses of NPLs is often
observed in CdTe NPLs along with broad trap emission, which were first reported by Ithurria et
al.>* CdSe NPLs have been directly synthesized of thickness from 2 ML to 5 ML, while Pedetti et
al. demonstrated how factors such as reaction temperature, ligand concentration, synthetic
precursors, and injection rate can be manipulated to achieve three different thickness (2 ML to 4
ML) of CdTe NPLs with reduced contribution from other thicknesses. However, a contribution
from broad trap emission is also observed for 3 and 4 ML NPLs.* Chu et al. were able to synthesize
11 ML CdSe but also without clear separation of thickness.’® Using the
dissolution/recrystallization method, Moghaddam et al. were able to increase the thickness of CdSe
NPLs up to 9 ML starting from 3 ML; for CdTe NPLs thickness reached 5 ML starting from 3ML
as reflected in the absorption spectra, but again clear separation was not observed for thick NPLs.??
Furthermore, synthesized CdTe NPLs also display a significantly lower photoluminescence
quantum yield (PLQY) when compared to their CdSe cousins.***!3** In the case of CdSe NPLs

without any shell, PLQY can reach up to 40-50% whereas CdTe NPL PLQY is typically less than

1%.213% Recent work by Anand et al. demonstrated improved PLQY of 9% in small-area 3 ML
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CdTe NPLs by quenching the reaction with cadmium propionate (a Z-type ligand) instead of oleic
acid.’” Similarly, Al-Shnani et al. showed PLQY up to 12% by using a different Te source and

post-synthetic treatment.>

However, despite these improvements, contributions from other ML
NPLs and trap emissions were observed for thick CdTe NPLs.**3337-38 The enlargement of lateral
size of NPLs has also been an aspect of synthetic engineering due to potential improvement on
optoelectronic applications of NPLs. Tenney et al. demonstrated such lateral size extension with a
technique of seeded growth in synthesis, and an apparent discrepancy between size of CdSe and
CdTe NPLs was observed where CdTe NPLs can be extended to larger lateral sizes.®

In this chapter, we studied the growth of CdTe NPLs during their formation following fast
injection and focused on the factors that make it challenging to synthesize high-purity CdTe NPLs
of higher-order monolayers. We observed that generally when growing 3 ML CdTe NPLs, a
significant contribution from 4 ML appears simultaneously and results in modified emission
properties. We demonstrated that this is the result of a 3 ML/4 ML hetero-structure found within
individual CdTe NPLs, resulting in both 3 ML and 4 ML emission accompanied by a broad trap
emission. We connected these results to kinetic Monte Carlo (KMC) simulations that elucidate the
differences in ripening between CdTe and CdSe NPLs. These simulations based on proposed
model with minimal physics could also explain the discrepancy in lateral size between CdTe and
CdSe NPLs. We conclude that these disparities are direct results of thermodynamic differences
between CdSe and CdTe bond energies.
4.2 Synthesis of 3 Monolayer (ML) CdTe Nanoplatelets (NPLs) with Heterostructures

We followed the formation of CdTe nanoplatelets following a fast injection method

reported by Pedetti et al. with a few modifications.*> To synthesize 2 ML, 3 ML, and 4 ML NPLs,

elemental Te in trioctylphosphine was injected into a solution of Cd(propionate); in octadecene
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with oleic acid at 180°C, 210°C and 215 C, respectively. Thickness and lateral size were controlled
by the reaction temperature and time. In Figure 4.1a we describe a specific reaction procedure
where Te in trioctylphosphine (TOP) is injected into the solution of Cd(propionate), in octadecene
with oleic acid at temperatures, 200 ‘C and the mixture is maintained at that temperature for 2 hr
(See Section 4.6). To follow the formation of NPLs, aliquots from the reaction solution were taken
at different time intervals to measure the change of absorption and emission spectra. At early times
(e.g., 10 min shown in Figure 4.1b) a sharp excitonic peak at 428 nm and another distinguishable
peak at 387 nm are observed. The lower energy peak at 428 nm has been assigned to the heavy

hole (HH) transition of 2 ML thick CdTe NPLs and the higher energy peak is the light hole (LH)

transition.’
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Figure 4.1 Synthesis and spectroscopic characterization of 3 ML CdTe NPLs. (a) An overview of the
synthetic conditions of CdTe NPLs. The TEM image confirms the formation of NPLs and an image of the
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colloidal dispersion is shown in the inset. (b) Evolution of absorption and emission spectra of CdTe NPLs
during the growth period at 200°C. At early times, 2 ML NPLs emerge; as the time progress, the
characteristic features related to 2 ML disappear while those of 3 ML appear. (c) Excitation spectra probed
at different emission wavelengths and absorption spectrum (black dotted line) of 3 ML CdTe NPLs
(synthesized at 210 C). The inset shows the emission spectrum with the emission wavelengths where the
excitation spectra were recorded indicated. (d) Relative intensity variation of the emission features of the
NPLs upon exciting at different wavelengths. Inset shows the absorption spectrum of the NPLs with the
excitation wavelengths where the emission spectra were recorded indicated.

As time progresses, we observe the gradual disappearance of characteristic features related
to 2 ML, and the appearance of new red-shifted peaks. Following precedent, we assign the sharp
peak at 500 nm to the HH feature and 450 nm to the LH feature of newly formed 3 ML NPLs. The
emission spectra in Figure 4.1b (right panel) show the same trend. First, emission from 2 ML NPLs
is observed at 429 nm, which gradually disappears, and emission at 500 nm (FWHM ~7 nm)
appears, assigned to 3 ML CdTe NPLs. When the synthesis is carried out at 200°C or lower
temperatures, only 2 ML NPLs formed within the initial few minutes, and it took more than 1 hr
for conversion to 3 ML. At slightly higher temperature (210 °C), the reaction is faster: a mixture of
2 ML and 3 ML NPLs is always formed within the first few minutes, and it takes around 30 minutes
for complete conversion to 3 ML NPLs, shown in Figure 4.9. Interestingly, the appearance of
emission from 3 ML NPLs at 500 nm is accompanied by a sharp peak at 550 nm and a broad peak
at around 615 nm (shown in the right panel of Figure 4.1b and Figure 4.9) and is observed both at
200°C and 210°C. The broad emission feature has been reported for CdTe NPLs and other
nanocrystals and is often attributed to emissive trap states.>*3>394> Although the sharp peak aligns
well with 4ML emission it could be also due to the formation of QDs, which has been observed
before for HgTe NPLs.*>-3%4% However, the lack of any shift of emission over time (even at high
temperature) as well as the sharp nature of the emission peak (FWHM ~ 12 nm) lead us to reject
the latter possibility. Hence, this peak at 550 nm is assigned to 4 ML NPLs that appear nearly

concurrently with 3 ML growth. Intriguingly, while the 4 ML NPL excitonic feature shows little
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contribution in absorption, it has a significant contribution to the emission spectrum (normalized
plot shown in Figure 4.9).

In Figure 4.1¢ and d, we plot the emission excitation spectra and wavelength-dependent
emission spectra to understand the origin of the emission features for 3 ML NPLs synthesized at
210°C. Figure 4.1c shows the excitation spectra for the emission at 505 nm, 548 nm and 615 nm,
which match exactly with the absorption spectrum (black dotted line) of 3 ML NPLs. This suggests
that the excitation of 3 ML NPL results in both 4 ML and trap emissions. To get further insight we
have recorded excitation wavelength-dependent emission spectra. Figure 4.1d shows that the
relative emission intensity variation of all three peaks (500 nm, 550 nm and 615 nm) following
excitation at the different wavelengths indicated in the inset. The emission intensity around 550
nm and 615 nm is maximized when excited at the band edge (500 nm) of the 3 ML NPLs and
decreases rapidly when excited below the band-edge (> 500 nm), and no change is observed in
their relative intensity. Together these results indicate that the 4ML and the broad trap emissions
are correlated to the excitation of 3 ML NPLs.

4.3 Correlation of 4 ML and Mid-gap Emission with 3 ML NPLs: Confirmation of
Heterostructure

We next turn to understand whether all three emissions are coming from a single particle
or different particles that are strongly coupled.* Figure 4.11shows no significant change in the
relative intensity of the three emission peaks, indicating that 3 ML and 4 ML NPLs are somehow
physically attached. Further, we studied single-particle PL images at different emission
wavelength regions. Films of NPLs were prepared from a dilute solution (~nM) of NPLs in hexane
to produce well-separated single NPLs. Figure 4.2 shows PL imaging of the NPL film, and the

three observed PL features are isolated by collecting different wavelength regions simultaneously
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using three detectors. The left panels of Figure 4.2a-c correspond to the PL image for emission
between 480-518 nm (around the 3 ML emission), 520-560 nm (around the 4 ML emission) and
564-700 nm (around the trap emission), respectively. The PL images show that there are large
areas with high intensity along with smaller areas with lower intensity. The bright portions of the
films are due to multiple overlapped NPLs as confirmed by atomic force microscopy (AFM; shown
in Figure 4.12), while PL blinking of NPL in the film further supports the presence of well-
dispersed single NPLs (Figure 4.13 and attached video). To probe single NPLs rather than multiple
overlapped NPLs we chose a small, well-separated area of the film (highlighted in Figure 4.2a, b,
and c). We observe a common overlap of all three PL features, which means 3 ML, 4 ML, and trap
emission are coming from the same NPL. Further Gaussian fitting allows us to localize the center
of emission for each wavelength regime with super-resolution accuracy (See Section 4.7) and their
positions are overlapped (shown in Figure 4.2d). However, we note a slight change in their
positions and area. First, the area of NPL showing 3 ML emission is greater than that of both the
4 ML and trap emission. We calculated the distance of the center (Ar; and Ar,, see Section 4.7) of
the 4 ML and trap emission features from that of the 3 ML NPL. The average distance (Ar) for the
particle shown in Figure 4.2d is around 18 nm. Values calculated for more particles shown in
Figure 4.7 vary from 15-93 nm, consistent with the dimensions of single NPLs. Emission from the
4 ML region (green circle) and trap states (red circle) appear localized near the edge in most of the
NPLs. All of these observations lead us to hypothesize that an incomplete layer of 4 ML is formed
near the edge of the 3 ML NPLs as shown in Figure 4.2e. Our hypothesis matches with the island-
nucleation-limited growth model proposed by Reidinger et al., which shows that the growth of an
N+1 layer happens from an N layer through the formation of an island in the corner of the wide

facet, which is energetically favorable and can extend from the edge to center.® To further quantify
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the localization of these features, we define a relative delocalization parameter, D, as the ratio of
Ar to the average radius of the blue circle (for 3 ML emission), Ry, (See Section 4.7). This value is
around 0.20 for the particle shown in Figure 4.2d, where R is 0 when the Ar is 0 and Ryis 1 when

the Ar is equal to Ry,.
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Figure 4.2 Correlation between emission spectra and images from PL microscopy measurements. PL
images collected at (a) 480-518 nm, (b) 520 — 560 nm, and (c) 564-700 nm. The PL from the NPL
highlighted in the orange box is enlarged and then fit to a Gaussian (right panel). (d) The overlap of the
three Gaussians shows the spatial origin of the observed PL. (e) Schematic diagram of the hetero-confined
CdTe NPL.

We then used AFM to assess the morphology of NPL structures. The apparent height
measured from AFM for a single CdTe NPL is about 4.1 nm (height profile shown in Figure 4.3b).
The theoretically predicted thickness of 3 ML bare NPL is around 1.9 nm. In our case, the increased
value could be rationalized by considering the ligand environment surrounding the NPLs.>>* We
also observed that the height increases by approximately 1-2 nm consistently near the edges of
NPLs. This value does not exactly match a single monolayer height (~0.3 nm), but it is also much
less than a separate 4ML. These areas near the edges disappear upon washing the NPLs with a

polar solvent (isopropanol, details in Section 4.7) as shown in Figure 4.3d. This washing not only
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smoothens the surface but also results in the disappearance of the emission peak at 550 nm and the
corresponding new broad trap emission feature (Figure 4.3a and c). This is consistent with the
observed PL localization and suggests a loosely bound new ML layer, removable upon gentle
etching. Overall, this further supports our conclusion from the PL images that there are areas near
the edges of the single 3 ML CdTe NPLs where extra monolayers are present as incipient 4 ML
islands.” Therefore, the evidence suggests that 4 ML and trap emission do not arising from
contamination by 4 ML NPLs but instead arising from hetero-confined structures, where 3 ML

and 4 ML NPLs are simultaneously present.
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Figure 4.3 Correlation of emission spectra and AFM measurements. (a) PL spectrum and (b) AFM images
of NPLs before washing. (c) PL spectrum and (d) AFM images of NPLs after washing with isopropanol. (e)
Schematic diagram of the hetero-confined CdTe NPL.

To further test this hypothesis, we performed ultrafast transient absorption (TA) spectroscopy

measurements, as shown in Figure 4.14. The TA spectra (Figure 4.14a) show a strong negative
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feature centered at 500 nm that arises from both the bleaching of and stimulated emission from the
3 ML exciton state.*> The positive features on either side of the bleach correspond to the biexciton
band (i.e., excited state absorption) broadened by the presence of hot carriers. A negative feature
centered at the 4 ML exciton band at 550 nm is also present, becoming increasingly apparent at
higher fluences (Figure 4.14b). The bleach recovery dynamics probed between 498 and 501 nm
(Figure 4.14c; probe region indicated in Figure 4.14a) can be fit to three ultrafast components (680
+40fs, 6.4 £0.6 ps, and 51 = 7 ps), along with a longer component (540 £ 90 ps). Notably, the
kinetics probed between 474 and 482 nm (Figure 4.14d; probe region indicated in Figure 4.14a)
show the same ultrafast components (510 + 250 fs, 4.8 £ 3.7 ps, and 70 + 30 ps) but do not show
any long-lived component. Because this excited state absorption feature is at higher energy than
the bleach, it should only appear when hot carriers are present; following carrier cooling, the
biexciton band should lie entirely below the exciton band in energy, as discussed by Pelton et al.*®
Accordingly, we assign the ultrafast components to a combination of carrier cooling and thermal
dissipation to the solvent and the ~0.5 ns component to radiative decay from 3ML, which likely
includes exciton transfer from 3 ML to 4ML and trap states as observed before for CdSe hetero-
structure with type I band alignment (shown in Figure 4.3¢) in addition to emission directly from
3 ML.?? The immediate appearance of a bleach feature at 550 whose dynamics match those of the
3ML bleach suggest common origin for the two features, further bolstering our hypothesis of
connected states.

4.4 Kinetic Monte Carlo (KMC) Simulations of Nanoplatelets (NPLs) Growth

The simultaneous presence of 3 ML and 4 ML appears to run contrary to the prevailing model of
NPL growth by Riedinger et al. which strongly suggests that ripening proceeds through sequential

dissolution of thinner NPLs to form thicker NPLs.® However, the authors of that work do note that
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the nucleation barrier for CdTe NPLs of different thicknesses is closer in energy than they are for
CdSe or CdS. To test whether the energy difference could result in the observed hetero-
confinement, we conducted a series of kinetic Monte Carlo (KMC) simulations based on a simple
model of activated kinetics featuring the three most important energetic parameters: activation
energy E,, binding energy E;, and nearest-neighbor bond energy E., as well as temperature T
(Figure 4.4a; See Section 4.7).4

For each simulation we generate snapshots of the grid throughout the entire course of the
simulation (Figure 4.4b). The grid can then be converted to the time evolution of different
populations. We are able to produce the primary features of the ripening model from Riedinger et
al., including the ripening of nanoplatelets (NPLs) with fewer monolayers (MLs) to those with
more MLs and the apparent separation of different MLs during the growth process (Figure 4.4c).®
We then carried out a series of simulations with a wide range of values for each parameter and
analyzed the resulting time evolution of populations. As a quantitative characterization of the
ripening, we calculated the percentage of 3 ML population at the count peak of 3 MLs, which
reflects how well separated different species are. Essentially, a higher peak population represents
more “pure” NPLs in synthesis, and a lower population means more “mixed” species. As expected,
changing the activation energy E, and temperature T only led to changes in time scale but had
very little influence on the species separation (see Figure 4.15). The results of peak populations
with changing E}, and E, are also shown, and an obvious trend of increasing peak population with
increasing bond energy E,. was observed (Figure 4.4d). Since CdTe has lower bond energy than
CdSe, the results could explain why we were able to consistently observe the 3-4 ML

heterostructure in CdTe but rarely in CdSe.®*3
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Figure 4.4 Kinetic Monte Carlo (KMC) simulations on thickness ripening of 2D nanoplatelets (NPLs). (a)
The kinetic model applied in the kinetic Monte Carlo (KMC) simulations. Three energetic parameters are
shown including the activation energy Ea, binding (nucleation) energy Ev and nearest-neighbor (NN) bond
energy Ec. The energy diagram is not drawn to scale. (b) An example of the grid generated from simulations.
Each small square stands for an occupied spot on the grid and the color of the square shows the number
of monolayers (MLs) associated with the spot (Black: 1; Red: 2; Orange: 3; Green: 4). (c) Time evolution of
populations based on two simulations. The colors of lines correspond to the number of MLs (Black: 1; Red:
2; Orange: 3; Green: 4; Blue: 5). Ea, Eb and temperature are identical for both simulations, but Ec is smaller
for the simulation represented by the left graph. The time scale in both graphs is arbitrary (See Section 4.7).
(d) A heatmap for peak population of 3 MLs based on E» and Ec values in simulations.

In addition to the number population extracted from the record grid, we were also able to
utilize the information on positions of bound monomers to extract the size distribution of NPLs

using the pair correlation function (PCF) g(r). By fitting g(r) to functional forms based on
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different models of size distribution (e.g. monodisperse, lognormal distribution, etc.), we were able
to extract the mean and standard deviation of size distributions. This process has already been
widely used in scattering experiments of nanocrystals and some programs are available for the

“structural refinement” technique.**~° We start with calculating the PCF:

counts

g(r) = (4.1)

N-p-n-2nr-Ar
where counts is the number of all particles with their distance between r and r + Ar from the
reference particle, N is the total number of bound monomers, n is the number density of bound
monomers, 271 - Ar is the area of the ring with thickness Ar, and p is the correction factor. The
calculation is then repeated for all values of distance r and choices of different reference particle.!
The correction factor p is very important to correct normalization due to the boundaries of 2D
lattice grid in simulations, especially when the reference particle is in proximity of the boundary.
To account for this, we compare the investigated distance r with the perpendicular distances from
the reference particle to all boundaries. If the distance is larger than r, we calculate the “out of

boundary” angles using trigonometry:
di
0; = arccos7,1 =1,2,3,4 4.2)

where d; are the perpendicular distances. Up to 4 angles are calculated based on 4 perpendicular
distances from reference particle to 4 boundaries. The correction to normalization is then

calculated based on the ratio of the total “out of boundary” angles:

p=1—9=1—229i (4.3)

where the coefficient 2 indicates the consideration of both angles in regard to the same boundary.

It is also important, however, to check if the corner of the grid is within the distance circle. Thus,
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if the sum of 2 neighboring angles are larger than g, we still only consider the max angle g due to

their overlap (Figure 4.5a). The calculated g(r) is then fitting to a functional form corresponding
to lognormal distribution of lateral sizes. The size distribution generated through this approach
was compared to regular method of manual measuring and counting as commonly done to TEM
images, and it showed decent accuracy (Figure 4.5b). Similar to the heatmap analysis for thickness,
we track the evolution of max mean size with changing binding energy E}; and bond energy E,
(Figure 4.5¢). In the case of size distribution, there seems to exist a “sweet spot” of E,. for lateral
extension of NPLs. It is reasonable that although the higher bond energy of CdSe makes them
more separable in terms of thickness than CdTe, the latter has a bond energy closer to the sweet
spot, resulting in larger lateral sizes.

4.5  Conclusion

Extending the superlative properties of quantum-confined NPLs to new materials and wavelengths
is a critical research and technology challenge. However, despite superficial similarities between
CdSe and CdTe binary semiconductors, the chemistry of CdTe does not appear to permit pure 4
ML NPLs using current methodologies. We have shown that CdTe synthesis results in a unique
quantum-confined heterostructure of colocalized 3 ML and 4 ML platelets on a single NPL. Our
results give a common origin for 3 ML, 4 ML, and trap emission features appearing
simultaneously. We confirm this using single particle PL studies that show nearly co-localized
features, further supported by AFM studies of single NPLs. Following work by Riedinger et al.
we confirm that the low bond energy of CdTe results in weaker separation between the formation
of 3 ML and 4 ML, resulting in simultaneous NPL formation. Simulations also gives consistent

explanations on the discrepancy of sizes between CdSe and CdTe NPLs. Taken together, our
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results provide us with directions and insights on optimizing the synthesis of II-IV semiconductor

NPLs to higher thickness with better selectivity and larger lateral dimensions.
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Figure 4.5 Extracting size distribution from pair correlation function (PCF) based on the simulation. (a)
Calculation of the correction factor considering the boundaries of lattice grids. (b) Comparison of size
distributions extracted from PCF analysis and grid histogram. (c) A heatmap for max mean size of 3 MLs
based on Es and Ec values in simulations.

4.6 Experimental Details

4.6.1 Chemicals
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Cadmium oxide (Alfa Aesar, 99.95%), tellurium powder (Acros, 99.8%), oleic acid (OA) (Alfa
Aesar, 99%), tri-n-octylphosphine (TOP) (Alfa Aesar, 90%), 1-octadecene (ODE) (Alfa Aesar,
90%), isopropanol, hexanes (Fisher, 98.5%) and propionic acid (Fisher) were used without further
purification.

4.6.2 Synthesis of Precursors

Cadmium propionate (Cd(prop)2). 1.036 g of CdO powder was mixed with 10 mL propionic
acid under Ar flow for 1 hour. The flask was then heated at 140 °C after opening to atmosphere in
order to reduce the volume by half. The white solution was precipitated with acetone and
centrifuged. The supernatant was discarded, and the solid was dried and stored in a vacuum
desiccator.

IM TOP-Te. In a small flask, 0.254 g of Te powder and 2 mL of tri-n-octylphosphine were
degassed under vacuum at room temperature. Then, under Ar flow, the solution was stirred at 275
°C until the dissolution was complete, and the solution turned yellow. The solution was cooled and
stored under Argon.

Cadmium oleate (Cd-oleate). 0.96 g of CdO (7.5 mmol) and 15 mL of oleic acid were charged
into a 25 mL round bottom flask. The mixture was heated at 200 °C for 1 hr under Ar flow. Once
the solution turned colorless, the mixture was brought to 60 °C and degassed for 1 hr. After this,
it was stored at room temperature and subsequently used in the reactions described below.

4.6.3 Synthesis of 3 ML CdTe Nanoplatelets (NPLs)

In a three-neck 50 mL flask, 130 mg of Cd(prop)2 (0.5 mmol), 80 uL of oleic acid (0.25 mmol)
and 10 mL of ODE was magnetically stirred and degassed under vacuum at 80 °C for 2 h. The
mixture was then put under Ar and heated to 200-210 °C. When the desired temperature was

reached, 100 pL of a solution of 1 M TOP-Te diluted in 0.5 mL of ODE was swiftly added. The
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reaction was maintained at the same temperature for the NPLs to grow with time. An aliquot from
the reaction solution was taken out at different time intervals. It was centrifuged at 7000 rpm and
dispersed in hexanes and characterized by the absorption and PL spectrum. For the remaining
measurements, the reaction was performed at 210°C. After the TOP-Te injection, the reaction was
allowed to continue for 30 mins after which the heating mantle was removed. When the flask was
cooled down to about 120 °C, 1 mL Cd(oleate),, separately heated to 100 °C was injected and the
reaction was quenched. The solution was then divided into two halves. Only hexane (10 mL) was
added to one portion, while hexane (10 mL) and isopropanol (5 mL) were added to the other
portion. Both were centrifuged at 7000 rpm for 10 mins. The supernatant was discarded and the
solid precipitate was re-dispersed in hexane. We assumed that the reaction goes to completion and
yield is 100%. Following centrifugation and resuspension in 20ML hexanes the [Te] will be 5SmM
in the original CdTe NPLs.

4.6.4 Materials Characterization

Absorption spectra were acquired with an Agilent Cary 60 UV-Vis spectrophotometer.
Photoluminescence (PL) was collected using FluoroMax spectrofluorometer by Horiba Scientific.
A TCSPC spectrometer FluoroMax by Horiba Scientific, was employed for time-resolved
luminescence measurements. A DeltaDiode lasers by Horiba Scientific with peak wavelength at
371nm with 10 MHz repetition rate was used as excitation source.

Transmission electron microscopy (TEM) images were acquired with a FEI Tecnai T12 120kV
TEM. The nanoplatelets were diluted in hexanes and drop casted on Ted Pella, Inc. carbon/formvar
300 mesh copper grids.

For atomic force microscopy (AFM) study a film was prepared drop flow technique where a very

diluted solution of NPLs in hexanes was drop casted on a cleaved mica substrate (1 cm diameter)
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kept at a small incline. Mica substrates were obtained from Thermo Fisher Scientific. The solutions
were allowed to slowly dry under air for 2 minutes. AFM measurements were done on FastScan
AFM system by Bruker with tip-scanning technology using silicon tip on nitride lever (ScanAsyst-
AIR-HPI) with 0.25 N/m force constant and a resonant frequency of ~55 kHz.

For photoluminescence imaging experiments a film of NPLs was prepared following a drop flow
technique where a diluted solution of NPLs in hexanes was drop casted on a coverslip kept at a
small incline. The imaging was conducted on an inverted confocal microscope by Leica SPS. All
NPLs were excited at 400 nm pulsed diode and 100x oil objective was used. The PL images were
collected at three different emission wavelength ranges using three detectors at the same time.
Transient absorption spectra and kinetics were measured using a home-built instrument described
in a previous report.>? For these measurements, the frequency-doubled output (centered at 400 nm)
of a 1 kHz Ti:sapphire laser (Coherent Astrella) was chopped at a 50% duty cycle and focused to
a Gaussian spot of diameter 160 pm (1/e?) in the sample, which was continuously stirred in a 2
mm pathlength quartz cuvette. Samples were prepared as approximately 250 pM solutions in
hexanes. The broadband probe beam was delayed using a mechanical delay stage and overlapped
with the pump beam in the sample, and the transmitted beam was recorded using a fiber-coupled
CMOS spectrometer (Avantes AvaSpec). Spectra were corrected for the temporal chirp profile of
the probe beam as previously described, and kinetics were fit using the sum of multiple exponential
decay terms convolved with a common Gaussian instrument response function with a FWHM
measured to be 160 fs.

Aside from the fluence-dependent spectra shown in Figure 4.14b, all measurements were
performed with an excitation fluence of 1.5 mJ/cm?. The sample has an optical density of 0.75 at

the excitation wavelength (400 nm), and the sample pathlength was 1 mm. This corresponds to
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2.5x10" photons/cm? absorbed per laser pulse. The 250 uM sample contains 1.2x10'” NPLs/cm?
through the same pathlength, so the excitation fluence was sufficient to excite ~2% of the NPLs.
Accordingly, we assume that the fraction of NPLs bearing multiple excitons at this fluence is
negligible.

4.7 Supporting Information

This section additional experimental details, details of 2D fitting of PL images, additional
characterization including absorption and photoluminescence, photoluminescence lifetimes, AFM
images, PL images and 2D fitting, PL blinking trace, TA spectra and kinetics, E, and T tuning.
KMC simulation algorithm

In a typical simulation, we start with a number of free ‘monomers’ and an empty 2D grid.
Monomers here could describe small clusters, unit cells, or other reactive precursors. We then
drive the system forward by the events of free monomers binding to the 2D grid and bound
monomers unbinding from the 2D grid. The events are characterized by the rates of binding and

unbinding:

E, + Eb> (4.4)

kpinding = Pp €Xp <_I§_;"> » kunbinding = B €xp <— RT
where E, is the activation energy for binding, E}, is the binding energy (i.e., the energy difference
between free and bound monomers), and P, , B, are the pre-factors for the Arrhenius rate
equations.

In addition to the interactions between monomers and the grid, we also consider bond-

forming between bound monomers in real synthesis. For simplicity, we assume that every

monomer will form bonds with its nearest neighbors (NNs) once both of them are bound to the
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grid, lowering its energy linearly with the number of NNs and further decreasing the unbinding

rate of bonded bound monomers:

E, +E, +E,

kunbinding,bonded = P, exp(— T) (4.5)

For all the rate equations, the pre-factors can be estimated based on the diffusion-limited reactions:

C8NkgT kT
~ 3n Y 4mpRE

b
where 7 is the dynamic viscosity of the solvent, N is the number density of free monomers and
Ry, is the hydrodynamic radius of monomers.>* As mentioned, the exact composition or structure
of monomers is uncertain, resulting in ambiguity in the value of Rj,. Thus, the actual time drawn
from simulations are simply representative, but the relative timescales can be used for comparison.

With the calculated rate equations, we then generate a rate matrix with each element of the
matrix corresponding to the sum of rate for each spot on the grid, which includes rates for all
possible events taking place at the spot (i.e., binding and unbinding):

ki j = kbinding-(i,j) T Kunbinding(j) (4.6)
where k; ; is the rate matrix element, kpinaing— i j) 18 the rate of free monomers binding to the spot

(i, j) on the grid, and Kynpinging(i,j) i the rate of monomers bound at the spot (i, j) desorbing

from the grid. The pathway is then selected using the BKL algorithm which takes advantage of
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partial sum of rates by drawing two random numbers, one for determining at which spot an event
happens, and the other for determining what type the event is.>*

After the pathway selection, the clock is advanced by drawing a third random number:

In(rand)

e 47
Yijki; “.7)

At each step, the statistics of the number of spots with different number of monolayers (MLs) are

calculated along with the clock time.
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2D Fitting of PL images

To analyze the property of colocalization of different multilayered structure of CdTe, we utilize a
simple 2D Gaussian fitting mechanism. First, the color-filtered PL images are taken in .jpg or .tiff
digital format, images are required to be only differ by the choice of filters (Figure 4.6a). The
digitized images are then transformed and stored in 2D matrix form where each matrix element
represents the intensity of a corresponding pixel in the original image, here the resolution is set by
the camera used in experiment. Next, a small emitting region is selected for all colors for fitting

(Figure 4.6b).

(a) (b) (c)

Figure 4.6 2D fitting of PL images. (a) Original color-filtered .tiff or .jpg digital PL images with fine crop at a
fixed position. (b) Zoom in for fitting at the selected position. (¢) 2D Gaussian fits of the selected regions
and the emitting regions are graphically represented by ellipses.

The ideal zoom-in regions are those with a small, single, and bright emitting spot (circular or near-

circular). The 2D fittings are applied to these selected regions with a fitting model:

_ a2
(5) +(550)

(4.8)

flx,y) = Ae + 2

where the intensity A, peak coordinates (X, yo), x and y-direction standard deviations gy, gy, as
well as a base-layer height z, are fitting parameters. Through the MATLAB nonlinear least-square

fittings for different colors, the obtained x,, ¥y, 0, and g, are taken for analysis. We define an

average position difference relative to the center of the blue one for the selected region, Ar as
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N
1 . .
ar=v) J(x;, —x0)2 4 (i —y2)’, (4.9)
i

where i represents filtered green and red colors, b is the blue, and N represents the total number

of colors. Finally, we graphically represent each color on the same plot with ellipses (Figure 4.6c¢),

x(0) = xy + Ty - cosb 4.10
{y(9)=y0+Fy~sin9’ (4.10)
here I, and [, are the intensity-weighted widths of the 2D Gaussian, defined as
[, =2v2In2 -0, (A —zy)
. (4.11)
[, =2v2In2-0y - (A - zp)

Also, we define a relative delocalization parameter, D, where the Ar is referenced to the average

size of the blue-colored size, R,:

D= ar 4.12
where
Vv2In2
Ry = (a,’c’ + af,’). (4.13)

2

With this simple 2D Gaussian fitting analysis, we can clearly see the colocalization of different
multilayer structure of CdTe NPLs, and we can predict their slight position difference beyond the

camera resolution by analyzing the fitted Gaussian parameters. Some examples are shown below.

v <, < . & %,
&, G, [,
® .Dg P 0D3 ’ 0D3
4 0 ym 3 - 0 pm 3 : 0 wm 3
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3 @ (Ar) = 14.71 nm
D = 0.1499

50 nm

Figure 4.7 PL images and 2D fitting results for 3ML and 4 ML hetero-structure. Emission regions are
shown as different color: (480-520) nm (blue), (522-560) nm (green), (564-700) nm (red).

1 (Ar) = 21.90 nm
D =0.2134
50 nm
5 (4Ar) = 64.45 nm
D = 0.5499
50 nm

Figure 4.8 PL images and 2D fitting results for mixture of 2 ML and 3 ML. Emission regions are shown
as different colors: (400-450) nm (blue) and (480-520) nm (green). Sample was prepared from the
aliquots taken during the growth of NPLs where emission of both 2ML and 3ML were present.

154



Spectra of aliquots during growth period
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Figure 4.9 Spectra of aliquots during growth period. (a) Absorption and (b) emission spectra of CdTe NPLs
at different time during the growth period at 210°C.
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PL lifetime of CdTe NPLs
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Figure 4.10 PL lifetime of CdTe NPLs.

Table 4.1 PL decay parameters of NPLs probed at different emission wavelength

Emission T1(0u) ns T2(02) ns 13(03) s Tavr NS
wavelength (nm)
500 <1
550 1.7(0.80) 6.0(0.18) 32(0.02) 3.0
615 1.5(0.67) 7.6(0.29) 31(0.04) 45

*0;’s are amplitudes of the lifetime components. #1ayg is defined as Youti/ 2o

156




Emission spectra of CdTe NPLs
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Figure 4.11 Emission spectra of CdTe NPLs. (a) Emission spectra of CdTe NPLs at different concentrations;
high concentration (black line, OD ~ 0.1) and low concentration (red line, 10 times diluted). (b) Normalized
emission spectra of them. All three emission peaks are present before and after dilution.
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AFM image of CdTe NPLs
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Figure 4.12 AFM image of CdTe NPLs.
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PL blinking trace of CdTe NPLs
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Figure 4.13 PL blinking trace of CdTe NPLs.
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Transient absorption spectra of CdTe NPLs
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Figure 4.14 Transient absorption spectra showing the full probe bandwidth with the main transient feature
enlarged in the inset (a) and the feature centered at 550 nm shown at various excitation fluences (b). The
bleach recovery dynamics measured between 498 and 501 nm at 1.5 mJ/cm? fluence (c) follows
multiexponential behavior, with three ultrafast components and one ~0.5 ns component. The same decay
is compared to that of the excited state absorption measured between 474 and 482 nm on a linear time
scale (d) to highlight the lack of the long-lived component in the positive feature, which corresponds to hot
carriers. The probe regions over which the kinetic traces shown in panels (c) and (d) were averaged are
shown as gray boxes in the inset of panel (a).
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Tuning E, and Temperature in KMC simulations
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Figure 4.15 Tuning Ea and Temperature in simulations. (a) Population change of different monolayers of
CdTe NPLs with activation energy, (b) change of 3ML peak time with change of activation energy, (c)
population change with the change of different monolayers of CdTe NPLs with temperature and (d) change
of peak time for 3ML CdTe NPLs with temperature.
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Chapter 5

Future Work and Perspectives

This chapter contains unpublished work and considerations by Xuanheng Tan, Belle Coffey,
Caleb Pike, Linus Murphy, Lucas Tecot and Justin Caram. The results are preliminary and based

on available data.

5.1 Machine Learning Assisted Study of Anisotropic Growth of Nanoplatelets (NPLs)

With the significant increase in both computational power and availability of experimental
data, the application of method from data science has become more and more common in the
analysis and evaluation in the realm of chemistry.'™ This approach of data-driven science has been
described as “the 4" paradigm” of science, with 3 precedents being empirical science
(experiments), theoretical science (physical laws, mechanics and thermodynamics, etc.) and
computational science (density functional theory, molecular dynamics, etc.).® One of many data
science methods that recently received a huge amount of attention is machine learning (ML), a
subfield of artificial intelligence (Al) that develop statistical algorithms to learn from available
data and make accurate predictions through iterative self-optimization process.*’ There are 3 main
categories of ML: supervised learning, unsupervised learning and reinforcement learning.®
Supervised learning, which attempts to find the unknown function that connects known inputs (e.g.
physical and chemical properties) with unknown outputs (e.g. outcomes of chemical reactions), is
by far the most common type of algorithm relevant to materials chemistry.

Considering 98 naturally occurring elements of the periodic table as well as variations in
stoichiometry and atomic arrangement (i.e., crystal structure), the total number of possible

materials is estimated to be 10'%°, exceeding the total number of atoms in the known universe.’ It
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becomes an impossible task to use brute-force in either experiments or ab initio calculations to
study all possible materials. In this case, ML suit to be the candidate tool of exploration.

In fact, ML has been proved to be beneficial to researchers in the field of materials
chemistry. A commonly used strategy is to combine quantum chemistry computation with ML
methods. Faber et al. applied ML model based on kernel ridge regression (KRR) to obtain
formation energies of 2 million elpasolites (ABC2Dgs) crystals with the energy differences between
the sum of atomic energies extracted from materials data base and crystal energies calculated by
density functional theory (DFT), and they predicted 90 new components for the elpasolite crystal
structure.'? Lee et al. made a data set composed of 270 randomly chosen inorganic compounds by
performing first-principle calculation of band gap energies using the projector-augmented wave
(PAW) method, and applied ML regression methods to predict band gap energies for other
materials.!!

Another approach is to take advantage of the comprehensive database of materials to make
predictions on the properties of possible new materials and outcome of related reactions. Kim et
al. trained a ML model based on Open Quantum Materials Database (OQMD) and identified 53
new stable structures for quaternary Heusler compounds.'? Graser et al. utilized the Pearson’s
Crystal Data database and random forest (RF) ML algorithm to make predictions on the crystal
structures of more than 20000 compounds.'® Frenkel and coworkers used experimental data of
small angle X-ray scattering (SAXS) and X-ray absorption near-edge structure (XANES) to train
neural network (NN) models for elucidating structures of Cu nanoassemblies under catalytic
conditions.'* Muraoka et al. analyzed the synthetic records of zeolites and used various ML models

to establish correlation between synthetic parameters and structural properties.!® Similarly,
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Moosavi et al. applied ML to capture chemical intuitions and optimize synthetic conditions of
metal-organic frameworks (MOFs). !

Due to the advantages of the machine learning method and previous success achieved by
it, it is potentially a very good approach to study the complex system of nanoplatelets synthesis,
which contains factors including precursors, solvent, temperature, injection rate, etc. More
specifically, based on our preliminary results of kinetic Monte Carlo (KMC) simulations, our goal
here is to use machine learning method to study the relationship between energetic parameters
(Eg, Ep, E.) and ripening and size distribution of NPLs in synthesis. However, several challenges
exist for directly using experimental data as the basis of training data set for machine learning
method: first, the data collection for synthesis reaction is not trivial, since to track the reaction
progress usually aliquots are taken for spectral measurements and imaging; second, relationship
between the energetic parameters and actual properties of materials (e.g. precursors, capping site
of ligands, steric hinderance of ligands, etc.) is not completely understood. We thus propose to
take a slightly different approach of implementing machine learning method (Figure 5.1). With the
already established workflow of KMC simulations, we first use machine learning method such as
normalizing flows (NF) or convolutional neural network (CNN) to study on the training set
generated from simulations with known and well-defined parameters.'’° Note that the data we
feed to the machine have the same format as experimental observations (e.g. absorption spectra,
TEM images, etc.). Once the training of model is done, we then apply the model to real data set
collected in experiments to reversely extract the real energetic parameters. This could provide us
insights on tackle the challenges of uncertain relationship without dealing with the difficulties in

data collection. With high-throughput experimentations becoming increasingly available for
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chemical reactions, this approach can be further extended to study more synthetic conditions and

be used to optimize synthetic routes of NPLs with desired properties.
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Figure 5.1 A workflow of applying machine learning method to the study of NPLs growth. We start with
already established KMC simulations to generate training data set for machine learning model, and then
use trained model to learn experimental observations and eventually optimize synthetic conditions.

5.2 Growth Mechanisms of HgTe Quantum Dots (QDs) and Evolution of Size
Distribution

Synthetic control of the size of HgTe QDs still draw attention of researchers in the field,
especially for small HgTe QDs of which direct colloidal synthesis has not been realized until
recently.?! It is worth noting that the reaction rate of HgTe QDs synthesis is so fast that the growth
even take place at room temperature, as we previously observed in solution of HgTe NPLs.?? The

most direct characterization of this type of growth/ripening is the emission features of QDs, due
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to the red shift in spectrum when their size increases. In addition to the peak position of emission
spectra, the full width half maxima (FWHM) is also an important measure to estimate the
polydispersity of the QDs.?* By keeping track of the evolution of size distribution over time, we

propose that it is possible to further understand the mechanism of growth/ripening.
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Figure 5.2 Connecting mechanisms of growth with time evolution of emission spectra.
There has been quite some work on the evolution of size distribution of QDs during the

process of synthetic reactions. In fact, modeling with simple kinetics has been shown to be able to
describe the average size and size distributions of QDs in some synthetic experiments with decent
accuracy.?* More specifically, in the synthesis of InAs QDs, it has been shown that through the
tuning of injection strategy, the growth phase of QDs demonstrate very different behaviors, namely
the size broadening vs. size focusing situations.?® The outcome of size broadening is very similar
to the concept of Ostwald ripening, where small particles are gradually dissolved to assist the
growth of larger particles.?® This potentially increase the polydispersity of synthesized QDs, while
QDs demonstrating size-focusing results in good performances such as a high quantum yield.?’

Our goal here is to study the growth/ripening mechanisms as extensively as possible to generate
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profiles of evolution of size distributions, which can then be used to examine existing results of
QDs synthesis and help us reversely identify the correct picture of growth rate — size relationships.

The proposed workflow of linking the growth mechanisms and evolution of emission
FWHM is described as follow (Figure 5.2). First, we start from the modeling perspective to
simulate the change of size distribution with different size dependence of growth rate. For some
models with already solved mathematical relationships we can directly use their conclusions, but
the growth rate could take a variety of functional forms in regards to the size of QDs. Second, with
generated size distribution from simulations, we can convolute it with the intrinsic linewidth of
emission spectrum to obtain the “real” linewidth, assuming the broadening arises only from the
polydispersity of QDs. This can be done with the Brus’ equation (1.3) in chapter 1, with meticulous
experiments to access a reasonable sizing curve for HgTe QDs. Lastly, we can compare the
theoretical evolution of spectra with actual experimental observations to identify the best model
or mechanism of QDs growth. It is also possible to work reversely to extract size distribution from
emission spectra, but it requires more difficult deconvolution of spectrum. Other than emission
spectra, we are also considering an easier unbiased algorithm of treating TEM images, which could
provide us with more accurate information on the size distribution. With the deeper understanding
of growth/ripening gained from this method, we can have better control on the synthetic conditions

to achieve monodisperse QDs with desired sizes.
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