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Perovskite quantum dots are one of the most promising colloidal materials for use as a single photon
source. However, despite their remarkable performance so far, perovskite quantum dots have long way to
go to be a deterministically positionable, scalable single photon source. To improve the performance of
perovskite quantum dots as single photon emitters we must optimize the surface chemistry. In this thesis
we have studied the difference between monodentate and zwitterionic ligands, spheroidal and cubic
morphologies and hydrocarbon and cross-linked siloxane tails. We have found that zwitterionic ligands
bind more strongly to the quantum dot surface than monodentate ligands resulting in better performing
single quantum dots. We have also found that spheroidal quantum dots have a small population of
emissive traps, resulting in asymmetrical line shapes suggesting that cubic quantum dots will perform
better as single emitters. Finally, we found that ligands with a cross-linked siloxane tail result in better
performance than ligands with hydrocarbon tails at room temperature, however this trend reverses at low
temperatures with poor performance from quantum dots passivated using ligands with a cross-linked
siloxane tail due to increased trion formation.



Chapter 1: Introduction
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1.1 Introduction to Perovskite Quantum Dots

First synthesized in 2015 by Protesecu et al', perovskite quantum dots are a unique class of
materials that have great potential for a variety of optoelectronic applications. Perovskite quantum dots
have an ABX; crystal lattice where A is a monovalent cation, most often Cs*, formadinium (FA") or
methylammonium (MA"), B is a divalent cation such as Pb? or Sn** and X is a halide such as CI', Br or I
. These quantum dots have large absorption coefficients, tunable emission in the visible range?, narrow
linewidths® and high quantum yields (PLQY)* which have made them attractive for classical
optoelectronics such as light emitting diodes (LEDs)°, photovoltaics® and photodetectors’. In the years
since the first synthesis, perovskite quantum dots have also seen significant interest for quantum
optoelectronic applications — namely as a single photon source.

Single photon sources are considered a fundamental building block for quantum information
science. The ideal single photon source has a high PLQY, narrow linewidth, short radiative lifetime, and
high single photon purity. At 4K the best performing perovskite quantum dots have linewidths of less
than 5 meV and lifetimes of approximately 200 ps. ®° High performing perovskite quantum dots also have
a zero phonon line fraction of approximately 0.5-0.8 and biexciton emission is spectrally distinct (ie
filters can be used to eliminate biexciton emission). ° With this kind of performance, perovskite quantum
dots represent one of the best options for a colloidal single photon source, out-performing both colloidal
and epitaxial II-VI and III-V quantum dots.*!'°

Despite these remarkable benchmarks, perovskite quantum dots have a long way to go to be
applied as a deterministically positionable, scalable single photon source. The main challenges to scaling
perovskite quantum dots can be split into two categories — synthesis and surface. While these two
categories are intertwined, here we consider synthesis to be the process of making the quantum dots and
surface to be all factors impacting the passivation of the quantum dots. Understanding the interactions
between surface, synthesis and performance will allow us to tailor perovskite quantum dots for single
photon emission applications.

1.2 Perovskite Quantum Dot Synthesis

Like most quantum dots, perovskite quantum dots were first synthesized via hot-injection! — a
technique where two precursor solutions are prepared and one is injected into the other at high
temperatures to start quantum dot nucleation and growth. For perovskite quantum dots these two solutions
are traditionally [PbX5][OAm’] and A-oleate.! However, unlike in II-VI and I1I-V quantum dots,
nucleation and growth occur near simultaneously in perovskite quantum dots.! Practically, this means that
the size of perovskite quantum dots depends strongly on the temperature of the reaction and that
perovskite quantum dots tend to have a rather large size distribution.! Large size distributions are bad
because they broaden the ensemble linewidth and increase the possibility that the photons from two
quantum dots are distinguishable. Thus, it is important to depart from the traditional hot-injection
synthesis and separate nucleation and growth for precise size control.

To separate perovskite quantum dot nucleation and growth, we have to change the kinetics of the
synthesis. The key chemical reactions for perovskite quantum dot nucleation and growth are (1) the
formation of PbX3™ from PbX; and (2) the reaction of PbX3; with A" which both strongly depend on the
coordinating ligands for PbX; and A*.!'"!3 In a traditional hot-injection PbX; is first solubilized using
oleylamine (OAm) and oleic acid (OA) forming [PbX5][OAm™] and Pb(OA),.'* A(OA) is then added to



the solution providing a source of A" which quickly reacts with all available PbX;5".!* This means that
there is no sustained growth phase because all of the precursors have been consumed in the first few
seconds of the reaction.

The trioctlyphosphine oxide (TOPO)/PbBr; method, pioneered by Akkerman et al'!, changes the
precursor coordinating ligands to change the kinetics of perovskite quantum dot synthesis and separate
nucleation and growth. The TOPO/PbBr, method makes two important changes: first TOPO is used to
dissolve PbBr; and second diisooctlyphosphinic acid (DOPA) is used as the A+ coordinating ligand. '
TOPO is a neutral coordinating agent and thus dissolves PbBr» by forming a [TOPO][PbBr;] complex
preventing the premature formation of PbBr3~.!! In this reaction PbBrs™ cannot form until the addition of
A(DOPA) provides a counter-ion allowing the formation of an equilibrium between the monomeric
precursors and a [A*][PbBrs] intermediate.!' This self-limiting equilibrium requires the presence of both
TOPO and DOPA; OAm or OA substitutions destroy this equilibrium by creating PbBr3;™ and increasing
the stability of the Pb(acid), product respectively.!"'? Due to this equilibrium a limited amount of PbBrs-
is available for growth and nucleation — separating the two processes. Nucleation occurs on the time scale
of a few seconds as the initial population of [A"][PbBr57] converts to APbBr; and growth is controlled by
the slow conversion of the remaining monomers to [A*][PbBrs] to APbBr; over the course of minutes.!?
In total, the TOPO/PbBr; method extends perovskite quantum dot growth time to 30 minutes, hundreds of
times slower than the few seconds required for complete growth in a hot-injection synthesis.'!

OAm: Oleylamine OA: Oleic Acid
TOPOQ: trioctlyphosphine oxide DOPA: diisooctlyphosphinic acid
1. 3PbBr, + 20Am*T[OA™] — 2PbBr; [OAm™] + Pb(QA), (fast)
Hot Injection :
2. PbBrz[OAmM*] + Cs(OA) — CsPbBr; (fast) (nucleation and growth)
1. PbBr, + TOPO — PbBr,[TOPO] (fast)
TOPO/PbBr, 2. 3PbBr,[TOPQ] + 2Cs(DOPA) = 2Cs*[PbBr3] + Pb(DOPA),+ 3TOPO (fast) (nucleation)
3. Cs*[PbBr3] — CsPbBr; (slow) (growth)

Figure 1.1: Separating Perovskite Quantum Dot Nucleation and Growth via Kinetic Control. A hot-injection
synthesis completely converts PbBr to PbBrs” which results in fast nucleation and growth after the addition of
Cs(OA). In contrast the TOPO/PbBr; synthesis can only form PbBrs;™ after the addition of Cs(DOPA) creating a self-
limiting equilibrium which separates nucleation and growth.

The TOPO/PbBr; synthesis provides many benefits over the traditional hot-injection synthesis.
The TOPO/PbBr; synthesis requires less technique as it takes place under ambient conditions at room
temperature, greatly reduces the dependence of high-quality quantum dots on high quality reagents,
results in a 2x narrower size distribution and opens the door for efficiently screening a variety of
passivation methods.'""!* The ability of this synthesis to screen passivation methods is one of its most
unique features. Since this synthesis produces quantum dots passivated by very weak ligands (TOPO and
DOPA) they are easily replaced by most ligand candidates at room temperature, opening the door for a
variety of ligands which have previously been discounted for hot-injection syntheses over temperature
and colloidal stability concerns.'!

However, there are lingering questions which affect the potential utility of quantum dots
synthesized by the TOPO/PbBr, method. The delicate equilibrium kinetics of this synthesis method mean



that only APbBr3; quantum dots can be synthesized natively. APbCls and APblsz quantum dots can only be
synthesized via halide exchange — which can occur during quantum dot growth, after quantum dot growth
or after ligand exchange.'> Each halide exchange option has its own benefits and drawbacks, but the
overarching concern is halide exchanged quantum dots typically perform worse than their as-grown
counterparts.'® The other open question about quantum dots synthesized via the TOPO/PbBr, method
involves the morphology — namely that quantum dots synthesized via hot-injection have a cubic
morphology while quantum dots synthesized via the TOPO/PbBr, method have a spheroidal
morphology."!" This change in quantum dot morphology arises from changing the PbX; coordinating
ligand from oleylammonium to TOPO. Ammonium preferentially encourages quantum dot growth along
the {100} crystal axis — forming cubic quantum dots. In contrast phosphines favor crystal growth along
the {100} and {110} axes equally — resulting in quantum dots with a spheroidal morphology.'!!”
Quantum dot morphology changes have been linked to both increases and decreases in performance!®20 —
and so the question remains how this specific morphology change impacts the performance of perovskite
quantum dots.

1.3 Perovskite Quantum Dot Surface Passivation

Like all quantum dots, perovskite quantum dots require surface passivation for optimal
performance. There are two common passivation approaches for quantum dots — ligands and shells.
Ligand passivation refers to organic molecules with two key components — head groups and tail groups.
The head groups (positively and negatively charged functional groups) are designed to fill vacancies by
binding to under coordinated atoms. The tail groups (most commonly long hydrocarbon chains) are
designed to solubilize quantum dots in a chosen solvent. Ligands can be classified by the number of
binding sites (monodentate, bidentate ect) and the identity of the head groups. For perovskite quantum
dots ammonium is the most common cationic head group, while carboxylates, phosphates and sulfonates
are the most common anionic head groups.!!>2!?? Cationic head groups can fill A site vacancies, while
anionic head groups fill X site vacancies. Shell passivation refers to layers of a higher-bandgap material
grown on top of the quantum dot core. Shells are the most prevalent passivation for II-VI and 11I-V
quantum dots where materials like CdS, ZnS and ZnSe can easily be grown on top of the cores. Shell
passivation is ideal for quantum dots since it creates an impermeable layer that both passivates the core
and protects it from the surrounding environment. However, developing shells for perovskite quantum
dots is an ongoing synthetic challenge due to the soft nature of the perovskite lattice.”* As such, most
perovskite quantum dots use ligands for passivation.

The first set of ligands used for perovskite quantum dots was a mixture of two monodentate
ligands- oleylammonium and oleate.! The chemistry of these two ligands is complex and depends on the
acid-base equilibrium between the two — as the charged species are formed in-situ from oleylamine and
oleic acid." The charged ligand species are primarily responsible for passivating the quantum dot by
binding to the surface, although the neutral ligand species may play a role in passivation through
hydrogen bonding.?* While oleylammonium and oleate passivated perovskite quantum dots perform
reasonably well with initial PLQY's over 80%, their shelf stability is limited.?* Over the years other ligand
candidates with high PLQY's and increased storage stability have emerged. Currently, some of the most
common ligand choices for perovskite quantum dot passivation include: didodecylammonium bromide
(DDAB), * sulfobetaine (also called ASC18),?! lecithin*? and phosphoethylammonium derivatives.'
While the effect of different ligands is well studied in QLEDs, good ligands for QLEDs rarely translate



into good ligands for single photon emission. As such it is important to study the impact of ligands
focusing on single photon emission applications.
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Figure 1.2: Perovskite Crystal Structure and Selected Ligands. (right) ABX; crystal structure of the perovskite
with atoms represented by the black, grey and blue circles respectively. (left) Chemical structures of selected
common ligands used for perovskite quantum dot passivation.

1.4 Quantum Dot Characterization

There are a variety of ways to characterize the optical performance of quantum dots. They can be
characterized in solutions and films and in ensembles or as single emitters. The choice of characterization
medium determines the observed properties. For instance, quantum dots often have higher PLQY's and
narrower linewidths in solution since film deposition introduces variables such as charge
transfer/delocalization, quantum dot packing and increases atmospheric exposure. Ensemble
characterization techniques are much faster and more representative than single emitter characterization
techniques — but they contain less information. However, single quantum dot characterization techniques
are time-consuming and the process of characterizing enough single quantum dots to accurately represent
a sample takes weeks to months. While large volume single emitter characterization techniques exist, they

2627 and one of the most important metrics

often sacrifice full characterization to focus on one metric
(single photon purity) is impossible to do using current large volume single emitter characterization
techniques. This means that carefully designed experiments which mix ensemble and single emitter
characterization techniques are a necessity for understanding the impact of different passivation methods

on the performance of quantum dots as single photon sources.
1.5 Characterizing a Single Quantum Dot

While ensemble characterization is ideal for ensuring that two quantum dot batches are
“identical” as synthesized, it is impossible to assess the suitability of a quantum dot as a single photon
source without single emitter characterization. To assess how changes to the surface and synthesis of
perovskite quantum dots impact their performance as a single photon source we characterize optical
performance in three broad categories- photoluminescence intensity, photoluminescence spectrum and
single photon purity. Beyond these basic characterization categories, advanced characterization like
photon correlation Fourier spectroscopy’ and Hong-Ou-Mandel interferometry® can collect additional
valuable information on the highest performing quantum dots such as coherence time and photon
indistinguishability.



1.5.1 Photoluminescence Intensity

Photoluminescence intensity encompasses all factors related to emission intensity and
consistency. This includes metrics such as quantum yield, count rate, photodegradation and blinking. The
ideal single photon source has a high quantum yield, fast radiative lifetime (ie high count rate) and does
not blink or photodegrade. Blinking, also known as photoluminescence intermittency, is the terminology
used to describe the fluctuations in quantum yield and lifetime which are commonly observed in single
emitters. In quantum dots blinking occurs because the non-radiative rate of a single quantum dot is
variable in time.?® This variable non-radiative rate is strongly correlated with surface quality; quantum
dots with high quality surfaces show less blinking than those with low quality surfaces.?®

Analyzing and interpreting blinking is a complex process. At the simplest level blinking traces
can be segmented into two states which are referred to as ON and OFF.?” The ON state occurs when the
radiative rate is much larger than the non-radiative rate and the OFF state occurs when the non-radiative
rate is much larger than the radiative rate. Experimentally these two states are delineated by the dark
counts of the detector (Iga+ 364ark).>” However, ON/OFF segmentation is far from the ideal method to
analyze blinking. ON/OFF segmentation is vulnerable to binning artefacts, fails to describe systems with
more than two intensity levels, and completely ignores the valuable information contained in lifetime-
intensity correlations.*”

For a more detailed analysis of blinking Watkins and Yang developed Change Point Analysis
(CPA) which is an unbiased method used to categorize and reconstruct blinking traces on a photon-by-
photon emission basis.?! First developed for time-tagged time-resolved blinking data, CPA has since been
extended to detectors with a Gaussian noise profile such as cameras.?> CPA consists of four main steps.
First the algorithm detects points where the emission intensity changes significantly, producing a list of N
change points.>!*? These change points represent the boundary between two segments with different
emission intensities. So, a blinking trace with N change points can have a maximum of N intensity levels.
In the second step CPA uses agglomerative hierarchical clustering to group the most similar N intensity
levels together.?!* This step produces N possible clusterings of the blinking trace with the total number
of intensity levels ranging from N to 1. In step three CPA uses an expectation-maximization optimization

31,32 FOI'

algorithm to optimize the descriptors of each identified intensity level in the N clustered fits.
practical run-time considerations the optimization step and further analysis are typically limited such that
the maximum number of intensity levels is 20.** Finally, CPA uses a Bayesian information criterion
(BIC) to assess the goodness of fit for each of the N clustered and optimized fits.>'** The fit with the
smallest BIC score is returned and contains information about the total number of intensity levels and
their associated lifetimes and expected durations. In addition to providing an unbiased analysis of
blinking, CPA also enables the exploration of lifetime-intensity correlations which provide valuable

information about the non-radiative mechanisms responsible for blinking.>*
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Figure 1.3: Components of Change Point Analysis. CPA consists of four steps. (1) Change point identification
which selects points where there are statistically significant intensity changes. (2) Clustering which merges the most
similar segments together to create traces with 1 to N possible intensity states. (3) Optimization which finds the best
set of descriptors for each intensity state. (4) Goodness of fit which compares the traces with different number of
intensity states to find the number of intensity states which best describes the data

Fluoresce lifetime intensity diagrams (FLIDs) are constructed by correlating the intensity and
lifetime of all CPA identified segments. There are three common lifetime-intensity correlations, each of
which corresponds to a different non-radiative mechanism. The most distinctive correlation is a lifetime
which is independent of intensity (ie the lifetime does not change with decreasing intensity). This pattern
is characteristic of hot-carrier trapping where carriers are trapped before relaxing to the band-edge and as
such the trapping has no impact on band-edge radiative recombination rates.***> The other two common
patterns have lifetimes which decrease as the intensity decrease and correspond to trapping after the
carriers have relaxed to the band-edge. A pattern which shows a linear lifetime-intensity correlation
indicates band-edge carrier (BC) trapping where carriers recombine non-radiatively from shallow
traps.’*3% Characteristically BC blinking exhibits the following relationship: Imax/tmax = Imin/tmin>> A pattern
which shows a non-linear lifetime-intensity correlation indicates the presence of auger non-radiative
recombination indicating trion formation via long-lived traps.***> Characteristically auger blinking has
2limax/tmax = Imin/tmin.>> FLIDs provide an invaluable characterization technique for understanding the root
causes of blinking in each quantum dot.
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Figure 1.4: Non-radiative Recombination Mechanisms Behind Blinking and their FLID Patterns. In hot
carrier (HC) trapping a charge carrier is trapped before it relaxes to the band-edge and results in a lifetime that is
independent of intensity. Band-edge carrier (BC) trapping occurs via short-lived traps and results in a linear FLID
pattern. Auger-Meitner recombination occurs when a carrier occupies a long-lived trap, and a secondary excitation
of the quantum dot occurs. This results in a non-linear FLID pattern.

1.5.2 Photoluminescence Spectrum

The second category used to quantify the performance of a single quantum dot is the
photoluminescence spectrum. This category involves metrics such as emission energy, linewidth and
spectral stability. Quantifying performance at room temperature is relatively simple, as the linewidth is
the most important factor and the only spectral stability factor to consider is photodegradation which is
often captured during blinking measurements.

Quantifying spectral performance at 4K is slightly more complicated, primarily because quantum
dots have instantaneous changes in emission energy and linewidth, called spectral diffusion, which are
analogous to blinking. Spectral diffusion happens at all temperatures but is only visible at low
temperatures where exciton-phonon coupling is reduced and the linewidth is significantly narrower.
Spectral diffusion can occur for three reasons — radiative recombination from a trion or biexciton state or
fluctuations in the local electric field (quantum stark effect). As such it is important to quantify the
average instantaneous spectrum and the long-time integrated spectrum to assess the suitability of a
quantum dot for single photon emission applications. While a quantum dot may have a narrow
instantaneous linewidth, significant spectral diffusion broadens the integrated linewidth in time and
prevents photon indistinguishability. Like blinking, spectral diffusion is strongly correlated to surface
passivation and as the passivation improves, spectral diffusion is reduced.

1.5.3 Single Photon Purity

The final performance category for single quantum dots is single photon purity — which is
measured via the second order correlation function, also known as a g*(t). This measurement utilizes a
Hanbury Brown Twiss interferometer (a 50:50 beamsplitter and two avalanche photo diodes) to measure
how many photons are emitted per laser pulse. A g*(t)measures the difference between the arrival times
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of photons at detectors A and B. If we measure a single photon source, detectors A and B should not have
photons arriving at the same time (ie g’(t = 0) = 0). However, there should be strong peaks at times which
correspond to multiples of the laser repetition rate (g’(t = nR) = 1). This pattern is known as anti-
bunching. While a g?(t = 0) = 0 is the ideal single photon source, practically any emitter with a g*(t = 0) <
0.5 is considered a single emitter.
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Figure 1.5: Measuring Single Photon Purity. (top) Arrival time of photons from quantum dots 1 (green) and 2
(blue) at two APDs. (bottom) g2(t) traces for quantum dots 1 (green) and 2 (blue). Quantum dot 1 shows anti-
bunching behavior because most of the time a photon is only detected on APD 1 or APD 2 resulting in a less intense
peak at t = 0. Quantum dot 2 does not show anti-bunching behavior since photons are detected at the same time on
APDs 1 and 2 resulting in a more intense peak at t = 0.
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2.1 Overview

Photoluminescence intermittency remains one of the biggest challenges to realizing perovskite
quantum dots (QDs) as scalable single photon emitters. We compare CsPbBr; QDs capped with different
ligands, lecithin, and a combination of oleic acid and oleylamine, to elucidate the role of surface chemistry
on photoluminescence intermittency. We employ widefield photoluminescence microscopy, sampling the
blinking behavior of hundreds of QDs. Using change point analysis, we achieve the robust classification of
blinking trajectories, and we analyze representative distributions from large numbers of QDs (Niccithin =
1308, Noicic acidioleylamine =1317). We find that lecithin suppresses blinking in CsPbBr3; QDs compared to oleic
acid/oleylamine. Under common experimental conditions, lecithin-capped QDs are 7.5 times more likely
to be non-blinking and spend 2.5 times longer in their most emissive state, despite both QDs having nearly
identical solution photoluminescence quantum yields. We measure photoluminescence as a function of
dilution and show that the differences between lecithin and oleic acid/oleylamine capping emerge at low
concentrations during preparation for single particle experiments. From experiment and first principles
calculations, we attribute the differences in lecithin and oleic acid/oleylamine performance to differences
in their ligand binding equilibria. Consistent with our experimental data, density functional theory
calculations suggest a stronger binding affinity of lecithin to the QD surface compared to oleic
acid/oleylamine, implying a reduced likelihood of ligand desorption during dilution. These results suggest
that using more tightly binding ligands is a necessity for surface passivation and consequently, blinking
reduction in perovskite QDs used for single particle and quantum light experiments.

2.2 Introduction

Inorganic cesium lead bromide (CsPbBr3) perovskite quantum dots (QDs) are promising solution-
processable materials for a wide range of optoelectronic applications.! These materials exhibit high (>90%)
photoluminescence quantum yields (PLQY),?> narrow ensemble photoluminescence linewidths,> and
emission spectra that can be tuned throughout the visible region.* These properties have motivated increased
efforts to use perovskite QDs as the active layer in devices such as light-emitting diodes (QLEDs),’
photovoltaics,® and even X-ray detectors.” More recently, their high degree of quantum coherence has
positioned CsPbBr; QDs as leading candidates for next-generation quantum light sources - scalable,
coherent single photon emitters®!!

Successful single photon emitters must demonstrate a high degree of single photon purity, have
long coherence times, and be deterministically positioned within nanophotonic cavities.'? Undesirable
characteristics for single emitter candidates include photobleaching, particle heterogeneity, spectral
diffusion, and photoluminescence intermittency.'? Prior reports for CsPbBr; QDs have shown high single

1314 quantum interference between sequential photons,'® and progress towards deterministic

photon purity,
cavity positioning.'!® However, as even the highest quality perovskite QDs currently exhibit
photoluminescence intermittency and spectral diffusion, events which have been linked in other quantum
dot systems;'>!? these challenges must be overcome to further improve these systems and reduce their

photoluminescence linewidth.%202!

Quantum-confined materials possess high surface-area-to-volume ratios, meaning their properties
are heavily influenced by their surfaces as has been extensively explored for II-VI quantum dots.?*’
Improving CsPbBr; single photon emitters requires a more fundamental understanding and optimization of

their surface chemistry.'>*® CsPbBr; QDs are often described as defect tolerant and can achieve narrow
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linewidths and high PLQYs without the use of a core-shell heterostructure (as in II-VI or III-VI QDs).
However as defect formation is still a thermodynamically favorable process, CsPbBrs QDs require an
organic ligand shell for both colloidal stability and surface defect passivation.?*>*° Due to the highly ionic
bonding character of CsPbBr; QDs, many popular ligand systems contain both positive and negative
charges, either in the form of zwitterions or monodentate ligand pairs.*"*? The identity of this ligand layer
plays a major role in modulating the properties of CsPbBr; QDs, including PLQY,*® linewidth,** device
performance,*° and colloidal stability.?!-*?

Sustained synthetic efforts have identified several promising ligand species for CsPbBr; QDs.

These include monodentate ligand pairs, like oleic acid/oleylamine®’, quaternary amines, like

4142 and multi-dentate ligands, such as sulfobetaine,* lecithin,**

45,46

didodecyldimethylammonium bromide
diquaternary amines,** and phosphonic acids. Despite ligands resulting in measurably different
ensemble properties, including long-term colloidal stability,* and surface-defect induced electronic traps®’
there has been a lack of emphasis on understanding how these ligands affect the properties of single QDs.
While some multi-dentate ligands display improved ensemble linewidths and near unity PLQY,*-* results
from device integration are mixed,*® underscoring the need for application-specific investigations,

particularly at the single-particle level.

One way to probe the effects of surface chemistry on the optical properties of individual QDs is
through monitoring their photoluminescence intermittency, or blinking.*”*® Like other single photon
emitters,'> CsPbBr; QDs exhibit time-dependent variations in photoluminescence intensity at the single
emitter level.* This variation in photoluminescence intensity arises from fluctuations in the non-radiative
decay rates.* Prior studies of blinking in perovskite QDs have focused on understanding and passivating
defects — through temperature-dependent measurements®’, and in-situ halide treatments.”! However,
relatively few studies have examined how varying the surface ligand chemistry of CsPbBrs; QDs affects
their blinking behavior.

Here we study the blinking dynamics of CsPbBr3; QDs prepared via two different synthetic routes
that result in dots passivated with two different ligands, a typical oleic acid/oleylamine based hot injection
resulting in oleic acid/oleylamine-capped dots, and a recently reported room-temperature slow growth
synthesis, leading to lecithin-capped dots via ligand exchange.’> We utilize widefield photoluminescence
microscopy and implement an automated particle selection and a change point analysis algorithm adapted
to the noise profile of scientific cameras. This approach allows for significantly improved throughput and
more robust sampling of the QD distributions. We find that, while both syntheses produce QDs with
comparable PLQYs as synthesized, the lecithin-capped dots show dramatically reduced blinking when
prepared and studied at the single particle level. We show that this difference primarily arises from the
difference in ligand capping, and, despite similar ensemble characteristics, lecithin passivation leads to a
dramatic decrease in blinking, seen through an improved ON percent distribution, a larger ON/OFF ratio,
and a larger non-blinking fraction. We reconcile the apparent discrepancy between the ensemble
photoluminescence properties and those of single dots by showing that the oleic acid/oleylamine dots suffer
from significant degradation of their photoluminescence properties upon dilution to appropriate
concentrations for single particle experiments. We present experimental evidence and theoretical analysis
using density functional theory (DFT) calculations that rationalize these differences in terms of the ligand
binding affinity, with lecithin showing significantly stronger binding to the QD surface compared to oleic
acid/oleylamine.
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2.3 Results and Discussion

We synthesized CsPbBr; QDs using one of two different methods from the literature to produce
QDs with either oleic acid/oleylamine® or lecithin®? as surface ligands (Figure 2.1a). Figures 2.1c and d
show the UV-Vis absorption and photoluminescence spectra for representative synthetic batches of oleic
acid/oleylamine-capped, and lecithin-capped dots, respectively. We find that the two ligand compositions
impart similar ensemble properties to the QDs. The band-edge absorbance onset is nearly identical for both
sets of QDs. However, lecithin-capped QDs show distinctly sharper excitonic features due to their
spheroidal shape. The lecithin dots exhibit an emission at 506 nm with a FWHM of 19 nm, while the
photoluminescence of oleic acid/oleylamine-capped QDs is slightly broader, as expected from the hot-
injection synthesis, with an emission maximum at 507 nm and a 24 nm FWHM (Figures 2.1c and d). The
lecithin-capped QDs batches tend to have slightly higher PLQY (95 + 2% compared to 90 + 5% when
averaged across five synthetic batches) but shorter lifetimes (4.43 = 0.04 ns vs 4.95 + 0.02 ns) than oleic
acid/oleylamine-capped QDs (Figure 2.1b-d). The shorter lifetime is qualitatively consistent with
predictions for a spherical crystal habit, which was predicted to have faster recombination due to difference
in dielectric confinement and asymmetry of the photon’s electric field between spherical and cubic QDs at
comparable sizes.> Interestingly, the spheroidal lecithin-capped QDs also show a low-energy tail in the
photoluminescence lineshape, consistent with prior reports.>>>* As the PLQYs and lifetimes of lecithin- and
oleic acid/oleylamine- capped QDs are comparable at the ensemble level we can consider these QDs
similarly passivated by both ligands. Additional discussion of the initial ligand coverage of the QDs can be
found in Appendix A. From TEM the oleic acid/oleylamine-capped QDs are determined to be 9.3 + 2.6 nm,
comparable in size to our 9.7 = 1.5 nm lecithin-capped QDs (Figure A1). Figure A2 shows HAADF-STEM
images with the possible crystal facets associated with oleic acid/oleylamine- and lecithin- capped QDs.
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Figure 2.1: Ensemble characterization of lecithin and oleylamine/oleic acid capped QDs a) Chemical structures
of zwitterionic lecithin (blue) and the monodentate ligand pair oleic acid (OA) and oleylamine (OAm) (red). b)
Ensemble lifetimes of oleic acid/oleylamine-capped and lecithin-capped CsPbBrs QDs fit to a stretch exponential
function (Equation Al) ¢) Ensemble solution characterization of oleic acid/oleylamine-capped CsPbBr; QDs d)
Ensemble solution characterization lecithin-capped CsPbBr3; QDs.

Studies of QD blinking statistics are commonly limited by two factors: the quantity of observed
QDs and the analysis method.*>% Using confocal microscopy, blinking traces must be collected in series;
limiting typical sample distributions to tens of QDs.*’ Instead, we collect blinking traces in parallel using
widefield photoluminescence microscopy, allowing rapid collection of thousands of blinking traces.*®
Perovskite QDs also display complex blinking statistics, including multi-level dynamics, beyond simple
two-level ON/OFF dynamics.” A data set of this size and complexity requires an automated, robust analysis
method to extract accurate statistics. We satisfy this requirement through change point analysis (CPA)
adapted to the noise profile of scientific cameras.®*? This combination of widefield imaging and CPA
provides more representative sampling than previously possible, enabling a more accurate description of
intermittency in these systems.

Figure 2.2 provides an overview of our analysis method on a representative image sequence of
lecithin-capped CsPbBr; QDs. After the collection of a widefield image sequence, our analysis method
works to extract the time series describing each QD’s behavior and completes an unbiased classification of
the photoluminescence trajectory. Figure 2.2a shows the mean intensity image of a widefield image
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sequence. Single QDs (shown circled in red and labeled with a white number) are identified by an automated
particle picking algorithm, designed to select small bright spots from a dark background.®® Figure 2.2b
shows the time series behavior of representative QDs (2, 6, and 11) extracted from the same widefield
image sequence as Figure 2.2a. We generate these time series by intensity averaging the central pixels of
selected QDs at each image in the sequence. Figures 2.2c¢ and d show the photoluminescence trajectories
identified for QD 2 (2-level) and QD 6 (3-level) respectively. We use change point analysis®*®!, which
applies Bayesian statistics to find the photoluminescence trajectory which best describes a time series and
to assign states to the photoluminescence vs. time trajectories. The methods section contains additional
details about the analysis. Figure A3 shows representative trajectories from the oleic acid/oleylamine-

capped quantum dots.
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Figure 2.2: Workflow of widefield photoluminescence microscopy measurements. a) Automated particle selection
results; particle selections are plotted on the mean intensity image in the sequence. For clarity, we show results from
a small region of the overall image. Red circles labeled with a white number indicate quantum dot locations. b)
Photoluminescence time series extracted from the selected regions in 2a corresponding to identified QDs 2, 6 and 11.
¢) CPA fitting of the time series from QD 2 (a). CPA finds that this time series is best described by a
photoluminescence trajectory containing two average intensity levels (pink and green). d) CPA fitting of the time
series from QD 6 (a). CPA finds that this time series is best described by a photoluminescence trajectory containing
three average intensity levels (pink, orange and green).

To classify the blinking dynamics of lecithin-capped QD samples systematically, we analyzed the
dynamics of five separate synthetic batches of comparable quality (Table Al and Figure A4) to control for
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batch-to-batch variation, which can often serve as a confounding variable.®* Figures A5 and A6 explore the
statistics for these five synthetic batches in more detail. The blinking statistics of lecithin-capped QDs we
report in the main text of this paper are aggregated from the blinking behavior of all five batches.

We focus on four key metrics to compare blinking statistics: the non-blinking fraction, the ON
percentage, the number of CPA levels in each trajectory, and the weighted ON/OFF ratio. We define the
non-blinking fraction as all the QDs which are in their highest intensity level for greater than 95% of the
observation time, consistent with previously reported widefield blinking studies.*® The ON percentage
quantifies how long we observed each QD in its highest intensity level state during the observation window.
The weighted ON/OFF ratio quantifies, given an infinite observation time frame, how much more likely a
QD is to be in its most emissive intensity level. Further details explaining how we calculate these statistics
from our CPA results are in Appendix A. Here, we compare the blinking statistics across five different
synthetic batches of lecithin-capped QDs (1308 QDs in total), to an oleic acid/oleylamine synthetic batch
(1317 QDs in total). Additional comparisons between other synthetic batches of lecithin-capped and oleic
acid/oleylamine-capped QDs are shown in Figure A7.

Surprisingly, despite similar ensemble properties, at the single particle level, we observe disparate
blinking behaviors from the two QD compositions. Figure 2.3b shows a similar distribution of identified
CPA levels between the two compositions. Nevertheless, at the single particle level lecithin-capped QDs
significantly outperform those capped by oleic acid/oleylamine. Lecithin-capped QDs exhibit a larger non-
blinking fraction (0.15 vs 0.02, Figure 2.3a), higher average ON percentage (68% vs 30%, Figure 2.3c),
and a larger weighted ON/OFF ratio (3.1 vs 0.73, Figure 2.3d); all metrics are consistent with dramatic
reductions in their blinking. Additional metrics comparing blinking in lecithin-capped and oleic
acid/oleylamine-capped CsPbBr3; QDs are shown in Figure A8. At face value, this result seems surprising
— after all, the ensemble is the sum of the individual single particles, yet the single particle data differ
dramatically.
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Figure 2.3: Comparison of blinking statistics between oleic acid/oleylamine-capped (OA/OAm, red) and
lecithin-capped (Lec, blue) CsPbBr3. a) The non-blinking fraction (>95% ON). b) The distribution of the number
of intensity levels fit by CPA across all studied QDs. ¢) Distribution of the ON percentages for all QDs. d) The
weighted ON/OFF ratio distribution.

To better understand these contrasting blinking distributions, we turn to concentration dependent
photoluminescence and time-resolved photoluminescence (TRPL) studies. First, we use TRPL for a
comparative estimate of surface quality based on lifetime duration. At the QD concentration used to acquire
our ensemble PLQY data the oleic acid/oleylamine-capped QDs have an average lifetime of 4.95 £ 0.02 ns
and a stretching exponent of B = 0.779 = 0.001 (Figure 2.4a). After diluting the QD sample to the
concentration used to prepare single particle samples, we find that the average lifetime has decreased to
2.08 £+ 0.03 ns with a stretching exponent of f = 0.455 + 0.002 (Figure 2.4a). The observed decrease in
average lifetime and stretching exponent indicates that the surface passivation and sample homogeneity
have worsened during the dilution process, and that the OA/OAm QDs show a broader distribution of
photoluminescence lifetimes.® In contrast, Figure 2.4b shows the average lifetime for lecithin-capped QDs
remains essentially constant during the dilution process (4.43 £+ 0.04 ns vs 4.50 + 0.08 ns). Additional
concentration dependent lifetimes for oleic acid/oleylamine-capped and lecithin-capped QDs are shown in
Figures A9 and A10 and the concentration dependent beta-factors are shown in Figure A11.

We next turn to concentration-dependent photoluminescence studies for a more quantitative
understanding of the changes in surface passivation inferred from the TRPL data. If the PLQY of a material
remains constant with dilution, the integrated photoluminescence intensity should scale linearly with
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concentration. A sub-linear trend would indicate a loss of PLQY with dilution. This fact allows integrated
photoluminescence intensity to serve as a proxy for PLQY at concentrations too dilute to be directly
measured. Figure 2.4¢ plots the photoluminescence intensity versus concentration for both the lecithin-
capped and oleic acid/oleylamine-capped QDs. For the lecithin-capped dots, we observe a linear
relationship between the photoluminescence intensity and concentration over three orders of magnitude in
concentration, spanning from typical measurement concentrations for solution PLQY to a concentration
range below that used in our single QD microscopy experiments. In contrast, Figure 2.4c shows that the
integrated photoluminescence intensity for the oleic acid/oleylamine-capped QDs is linear at higher
concentrations, but falls off rapidly as the concentration decreases. This additional decrease in intensity is
consistent with the change in the non-radiative recombination dynamics we deduce from the TRPL shown
in Figure 2.4a. Approximately midway between the PLQY concentration (indicated with a green square)
and the single QD microscopy concentration (indicated with a green circle), oleic acid/oleylamine-capped
QDs see a significant decrease in integrated photoluminescence intensity, which we interpret as a decrease
in PLQY due to ligand desorption. This interpretation is supported by Figure A12 which shows the PLQY
as a function of dilution for more concentrated solutions. Even across the range of concentrations
measurable by an integrating sphere the PLQY of oleic acid/oleylamine-capped QDs is decreasing. PL
linearity plots for additional sizes and morphologies of lecithin- and oleic acid/oleylamine- capped QDs are
shown in Figures A13 and A 14, indicating that these observed concentration results are generalizable across
different QD sizes and morphologies.

Previous studies on a range of QDs have attributed photoluminescence decreases during washing
to an equilibrium between the ligand bound to the QD surface and free-ligand in solution which shifts to
favor free-ligand during dilution or antisolvent washing.*' As the concentration of unbound ligand decreases
during dilution, the equilibrium shifts, and monodentate ligands like oleic acid and oleylamine are likely to
detach from perovskite QDs in two ways — as a neutral ligand pair (OAm-OA) or as ligand-ion pairs (OA"
-Cs* and OAm*-Br’) which leave behind additional vacancies.’! As the ligands desorb from the surface, the
number of surface traps increases which can explain both the sub-linear photoluminescence trend and
increased blinking observed in oleic acid/oleylamine-capped QDs. These single particle results are
consistent with prior reports of decreased PLQY in halide perovskite QDs at low concentrations.®

To test whether ligand desorption might cause the observed non-linear decrease in quantum dot
emission with decreasing concentration, we investigate the effect of the adding back additional ligand to
dilute solutions of oleic acid/oleylamine-capped QDs. Figure 2.4d plots the photoluminescence intensity of
a dilute solution oleic acid/oleylamine-capped QDs as a function of excess ligand addition. The solution’s
photoluminescence intensity increases after adding small amounts of oleylamine or lecithin, resulting in a
maximum 120% increase in photoluminescence intensity. The photoluminescence change associated with
ligand addition shows three clear phases. From 0-0.2 mmols of ligand added the photoluminescence
increases as the additional ligand passivates vacancies. Between 0.2 and 0.4 additional mmols of ligand the
photoluminescence remains constant as the quantum dots are fully passivated. Above 0.4 mmols of
additional ligand the photoluminescence intensity decreases as excess ligand etches the surface of the
quantum dots. Figure Al15 shows evidence of QD etching with excess ligand addition. The
photoluminescence recovery associated with the addition of other ligands is shown in Figure A16.

Taken together the results above suggest that the increased blinking behavior in the oleic
acid/oleylamine-capped QDs stems from ligand loss with dilution. We speculate that the lack of full
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photoluminescence recovery (which is expected to be approximately 220% according to the trend line) after
excess ligand addition might indicate that ligand loss in oleic acid/oleylamine-capped CsPbBr; contributes
to the irreversible degradation of a fraction of these QDs. These results are consistent with widefield
photoluminescence images of lecithin-capped and oleic acid/oleylamine-capped samples prepared at the
same concentration indicating that a smaller fraction of oleic acid/oleylamine capped QDs remain emissive
after dilution (Figure A17).
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Figure 2.4: Rationalizing reduced blinking in lecithin-capped QDs. a) Concentration dependent TRPL for oleic
acid/oleylamine-CsPbBr; at the PLQY concentration (green box in (¢)) and widefield (WF) concentration (green circle
in (c)). b) Concentration dependent TRPL for lecithin-capped CsPbBr3 at the PLQY concentration (green box in (c))
and widefield concentration (green circle in (c)). ¢) Concentration dependent photoluminescence intensity for oleic
acid/oleylamine (OA/OAm, red) and lecithin (blue) capped QDs. Intensity vs. concentration values are fit to a power
law (a power law exponent of 1 indicates a linear relationship). The experimental concentrations for PLQY and
widefield photoluminescence blinking measurements on both compositions are indicated with green box and a green
circle, respectively. d) Photoluminescence increase resulting from the addition of oleylamine (OAm) and lecithin
(Lec) to a widefield concentration solution (green circle in (c)) of oleic acid/oleylamine-capped CsPbBr; QDs.

To rationalize the differences in blinking behavior between oleic acid/oleylamine- and lecithin-
capped QDs, we study the quantum dot electronic structure and compute the binding energies of the capping
ligands to the surface of the QDs. To begin, we calculated the density of states for the pristine and the
defective (containing v<Br or v'Cs) slabs of CsPbBr3;, shown in Figure A18. We performed DFT-PBE
calculations considering spin orbit coupling effects, which are known to strongly influence the position of
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band edges in lead halide perovskites.®” We calculated the band gaps of the pristine slab as well as ves, and
V'cs containing slabs of CsPbBr3 to be 1.4 eV, 1.17 eV and 1.05 eV, respectively. Additionally, we calculate
the band gap of CsPbBr; at the PBE0+SOC level using a dense k-point grid and find the band gap to be
2.40 eV in good agreement with our experimentally observed band gap. Figures A18b and A18c depict near
gap states due to the presence of surface vacancies (ves: and v'cs) that are known potential recombination
centers,® and the band gap closure that stems from them compared to the pristine slab (Figure A18a). We
posit that the origin of the difference in blinking behavior between lecithin- and oleic acid/oleylamine-
capped QDs lies in the ability of the ligands to passivate these defects. To this end, we investigated the
potential difference in surface binding energy between lecithin and oleic acid/oleylamine using first
principles studies.
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Figure 2.5: Calculated binding energies for oleic acid/oleylamine and lecithin a) Top view of the PBE-relaxed
lattice of orthorhombic CsPbBrs (8.19 A, 8.54 A, 11.99 A) and different types of vacancy pairs studied here marked
as i, ii, iii and iv b) PBE+D3-relaxed CsPbBr; slab with a type i vacancy pair passivated by oleic acid/oleylamine c¢)
PBE+D3-relaxed CsPbBr; slab with a type i vacancy pair passivated by lecithin d) Calculated binding energies in eV
for CsPbBr3; slabs containing v'cs and v’ passivated by oleic acid/oleylamine (red) and lecithin (blue), at PBE+D3
level of theory. e) Vacancy pair type i binding energy for both lecithin and oleic acid/oleylamine with binding energy
in the presence of solvent represented by white dashed lines.

We conducted a comparative study on the passivation of v'ce-ves: vacancy pairs by oleic
acid/oleylamine and lecithin ligands. Figure 2.5a shows the orthorhombic phase of CsPbBr; and different
types of the adjacent (types i, ii and iii) and non-adjacent (type iv) vacancy pairs used in our calculations.
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Figures 2.5b and c depict the monodentate ligand pair and the bidentate ligand binding the QD surface and
passivating an adjacent surface vacancy pair. As we do not expect the long alkyl tails of the ligands to
participate in surface binding, we use simplified forms of the ligands (methylamine, propionic acid and
truncated lecithin, Figure A19 for computational purposes. Given the dynamic equilibrium between the
charged and neutral ligands in the solution, we studied surface defect passivation for both cases. Between
charged and neutral ligands, we found that OAm*/OA" passivating an adjacent vacancy pair is the most
stable configuration and that the neutral ligand pair could only passivate a non-adjacent vacancy pair and
exhibits a lower binding affinity (-1.07 eV) than that of the charged ligands (-1.95 eV). Additionally, our
calculations revealed that the neutral ligand pair binding the defective surface in the presence of solvent is
relatively thermodynamically unfavorable (Table A2). As such, we can consider the passivation of the
studied QDs to consist of only charged ligand pairs bound to defective sites as the process of ligands binding
to the pristine surface results in the creation of additional vacancy pairs.® Figure 2.5d shows the binding
energies calculated at the DFT level for lecithin and OAm*/OA™ (-3.22 eV and -1.95 eV, respectively),
when passivating the vacancy pairs. Figure 2.5d and Table A3 summarize the binding energies calculated
for the different vacancy pair types and show that for both adjacent and non-adjacent vacancies, lecithin
binds the QD surface more strongly than OAm*/OA". However, for non-adjacent vacancies, the relative
binding energy of OAm"/OA" increases while the lecithin binding energy decreases. For both ligands we
rationalize this difference by considering the larger distance between the non-adjacent vacancies (3.7-5.0
A vs 85 A). For OAm'/OA", the larger distance between the two vacancies results in a weaker
intermolecular interaction and a subsequent higher affinity for the QD surface. Lecithin, as a bidentate
ligand, demonstrates a preference for passivating adjacent vacancy pairs. Our theoretical findings suggest
that lecithin binds more strongly to the QD surface, which aligns qualitatively with experiments. However,
the magnitudes of calculated binding energies do not reproduce the observed ligand equilibrium shifting to
unbound ligands over the experimental concentrations. Such observed difference led us to consider the
impact of solvents that appear critical in representing the experimental conditions.

Since experiments indicate that the dilution effects on ligand binding equilibria should be
significant, we further refined the binding energies by including solvation effects (Figure A20). As shown
in Figure 2.5e, the net change in the binding energy due to solvation effects is notable for both ligands in
the representative case of a type i vacancy pair. The calculated binding energy of -0.26 eV for OAm/OA"
suggests a high likelihood of ligand desorption which we speculate to be the root cause of the observed
difference in the blinking behavior between oleic acid/oleylamine- and lecithin-capped CsPbBr; QDs.
However, the binding energy of lecithin remains significantly large (more negative) upon solvation and can
explain the observed reduction in blinking. Notably, the binding energy for OAm*/OA" calculated via DFT
(-0.26 eV) is in good agreement with the analogous binding energy estimated from Figure 2.4c (-0.34 eV).
We ascribe the remaining discrepancies between the calculated and experimental binding energies to the
absence of entropy and finite-temperature effects in our calculations, the inherent challenges in accurately
modelling solvation effects, and the limitations in the assumptions behind the experimental analysis (see
Appendix A). Appendix A contains a detailed explanation of solvation effects calculations, equilibrium
constants and binding energies summarized in Table A4.

2.4 Conclusion

We use widefield photoluminescence microscopy and CPA to analyze the blinking statistics of
2,600 QDs to compare the effect of bidentate and monodentate ligands on photoluminescence intermittency
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in CsPbBrs. We show that, despite similar ensemble properties, using lecithin as a capping ligand results in
QDs with a non-blinking fraction 7.5 times larger than that of the oleic acid/oleylamine ligand pair. This
difference in performance is explained through a ligand binding equilibrium where oleic acid and
oleylamine desorb during serial dilutions, degrading the surface. This ligand binding model is supported by
two key sets of findings. First, concentration dependent photoluminescence measurements, which expose
a non-linear relationship between oleic acid/oleylamine photoluminescence intensity and concentration.
Second, theoretical investigation and binding energy calculations at the DFT level highlight striking
differences in solvated-binding energy between lecithin and OAm*/OA". This blinking suppression
highlights the promise of these lecithin capped CsPbBr3; QDs as scalable single photon emitters.

We also demonstrate the promising capabilities of widefield photoluminescence microscopy paired
with CPA. Together, these two techniques facilitate rapid, representative sampling of QD blinking statistics,
allowing more accurate determinations of QD behavior and its connections to surface chemistry. This
method can compare blinking through the number of intensity levels, the non-blinking fraction, the percent
of time spent in the most intense state, the expected dwell time in an ON state, the expected dwell time in
an OFF state and the weighted ON/OFF ratio. The variety of statistics available from this analysis method,
combined with the larger sample size available via widefield microscopy allow us to determine
representative blinking statistics of a sample more accurately, enabling deeper and more accurate
investigations of the role QD surface chemistry plays in blinking.

While we address the difference in blinking caused by using oleic acid/oleylamine and lecithin as
ligands, it is also possible that the spheroidal shape of these QDs influences their blinking as well. Though
we have demonstrated, through several control experiments, the significant impact ligand binding has on
photoluminescence blinking, it is still possible that the spheroidal shape of these QDs contributes to their
better stability. Given the interest in these materials for such a wide range of applications and their
impressive non-blinking characteristics, a more detailed understanding of how the spherical crystal habit
affects trap density and the ligand-binding equilibrium could prove valuable. Future work is needed to
explore this relationship. The differences in blinking behavior observed here also lead naturally to the
exploration of other ligands used to passivate CsPbBr3, including alternative zwitterions,® dications,** and
tightly binding monodentate ligands.?

High throughput of widefield imaging, combined with the robust nature of CPA, permits detailed
analysis of larger sample sizes of QDs. As we have demonstrated, the choice of surface ligand is vital to
ensure that the QDs maintain their properties at the low concentrations required for both single particle
characterization and nanophotonic cavity integration. The experimental techniques discussed here enable
systematic investigations into the root causes of photoluminescence intermittency in QDs.
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3.1 Overview

The morphology of quantum dots plays an important role in governing their photophysics. Here,
we explore the photoluminescence of spheroidal CsPbBr; quantum dots synthesized via the room-
temperature trioctlyphosphine oxide/PbBr. method. Despite photoluminescence quantum yields nearing
100%, these spheroidal quantum dots exhibit an elongated red photoluminescence tail not observed in
typical cubic quantum dots synthesized via hot injection. We explore the origins of this elongated red tail
through structural and optical characterization including small-angle x-ray scattering, transmission electron
microscopy and time-resolved, steady-state, and single quantum dot photoluminescence. From these
measurements we conclude that the red tail originates from emissive traps. We show that treating spheroidal
quantum dots with phenethyl ammonium bromide decreases the line shape asymmetry and increases
passivation — consistent with emissive traps due to polar facets.

3.2 Introduction

Lead halide perovskite quantum dots (QDs) are a promising material for a variety of next-
generation optoelectronics.! Lead halide perovskite QDs exhibit tunable emission,? narrow linewidths® and
near unity photoluminescence quantum yields (PLQYs)* making them attractive for both quantum and
classical optoelectronics. The narrow linewidths of perovskite QDs are particularly exciting as narrow
linewidths are a prerequisite for any emission-based application— improving color purity and single-photon
indistinguishability.’ However, several factors can result in linewidth broadening and line shape
asymmetry— including the chemical environment, size and morphology polydispersity, phonon interactions,
fine structure, and spectral diffusion. ¢ The absolute minimization of QD linewidths requires understanding
how these different factors impact the overall line shape.

At the single QD limit, the passivating ligand has a strong effect on the linewidth”!'® while in
ensembles, the size dispersity has a pronounced effect on the linewidth.® The most effective way to control
size dispersity and ligand passivation is through a high-quality synthesis that produces a narrow size
distribution and includes effective surface ligand passivation.'!'> One very promising synthesis for
perovskite QDs that meets these criteria is the room temperature trioctylphosphine oxide (TOPO)/PbBr;
method'® which both improves QD monodispersity'* and uses facile ligand exchanges for optimal
passivation.'>'® Additionally, this synthesis produces high PLQY '*!%!7 QDs with faster radiative lifetimes'’
making them attractive candidates for emission-based applications. However, as previously noted,!*!"!8
CsPbBr; QDs from this synthesis have an asymmetric photoluminescence line shape. Herein, we explore
the cause of this elongated red photoluminescence tail using structural characterization and steady-state and
time-resolved photoluminescence measurements. We find that emissive traps cause the observed
photoluminescence asymmetry and propose that these traps are due to the spheroidal morphology of QDs
synthesized via the TOPO/PbBr, method. Finally, we demonstrate a ligand-based framework for
passivating these emissive traps and increasing the line shape symmetry.

3.3 Results and Discussion

We begin by synthesizing and characterizing lecithin-capped CsPbBr; QDs with spheroidal'® and
cubic!® morphologies. We synthesize four spheroidal QD samples of varying sizes which are referred to as
S4, S5, S7 and S12. Our cubic QD sample is referred to as C9. Figure B1 and Tables B1 and B2 contain
more details on the synthesis conditions for the spheroidal QDs. Figure B2 shows the morphologies of all
QDs as observed with scanning transmission electron microscopy (STEM).
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Figure 3.1a compares typical solution photoluminescence spectra from S7 (orange line) and C9
(grey line) samples which are similar in size (7.1 + 0.6 nm diameter vs 9.3 + 1.6 nm edge length from
TEM). Figure 3.1a also shows Gaussian fits (dashed lines) to each spectrum and the corresponding skew
values (Equation B3). The emission from C9 samples is well-described by a Gaussian, with a slight
asymmetry indicated by average skew values of -0.03 + 0.07. In contrast, we find that the S7 sample
deviates more from a Gaussian line shape, exhibiting a larger tail on the low energy (red) edge of the
spectrum and skew values over ten times larger (-0.50 £ 0.05) than C9. The elongated red
photoluminescence tail we see in S7 QDs is also present in S4, S5 and S12 samples. Figure 3.1b is
representative of the skew values we observed for all synthesized spheroidal and cubic QD samples.
Interestingly, we observe size-dependent line shape asymmetry with the smaller spheroidal QDs having
larger skew values. Similarly, when we quantify the sample morphologies using ImagelJ’s circularity
metric?® (Figure B2), smaller QDs have a more spheroidal shape. This suggests that larger ensemble
photoluminescence skew values are correlated to a more spheroidal morphology. Figures 3.1c-f show the
ensemble optical characterization for representative synthetic batches of the spheroidal QDs. Figure B3
shows the ensemble optical characterization of a representative batch of the C9 QDs.
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Figure 3.1: Ensemble Characterization. a) Representative photoluminescence spectra of S7 (orange line) and C9
(grey line) QDs and the Gaussian fits to the spectra. The S7 QDs are best fit by a Gaussian with a mean of 2.47 eV
and standard deviation of 40 meV. The C9 QDs are best fit by a Gaussian with a mean of 2.43 eV and a standard
deviation of 39 meV. S7 QDs exhibit an elongated red photoluminescence tail in contrast to the symmetric
photoluminescence from C9 QDs. b) Distribution of skew values for S4, S5, S7, and S12 QDs compared to the skew
values of C9 QDs. Each distribution comes from at least three synthetic batches for each type of QD which are shown
as black dots. Colored boxes extend from the first quartile to the third quartile, with the mean indicated by a solid line.
Whiskers extend to 1.5x the interquartile range. ¢) Ensemble solution characterization for S4 QDs. d) Ensemble
solution spectra for S5 QDs. e) Ensemble solution spectra for S7 QDs f) Ensemble solution characterization for S12
QDs. Dashed lines show Gaussian fits to the photoluminescence spectra. Absorbance has units proportional to OD:s.
Photoluminescence spectra were acquired from dilute room temperature solutions excited at 405 nm.
Photoluminescence has units proportional to photons-s’eV-!. We corrected all emission spectra for instrument response
as described in the supporting information.
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Understanding the origin of the observed line shape asymmetry is important to producing
spheroidal QDs with the narrowest possible linewidths. One possible cause of an asymmetric line shape
could be an asymmetric QD size distribution.!*?! Therefore, we measured the size distributions via small
angle x-ray scattering (SAXS) and transmission electron microscopy (TEM) to look for evidence of size
dispersity. Figure 3.2a shows the size distributions measured via SAXS, and Figure B4 compares the size
distributions acquired by SAXS and TEM on the same samples. Figure B5 shows the fits to the SAXS
scattering patterns for all spheroidal QDs and Table B3 contains the fit parameters.

We find that the SAXS data is well fit by a bimodal Schulz distribution which describes the primary
QD population and a secondary background population between 2 and 4 nm in diameter. This secondary
population is indistinguishable from the background in TEM due to low contrast, however Figure B6
confirms the presence of this secondary population using STEM. We find that all considered possible
identities for this secondary population are optically inactive and cannot cause the observed
photoluminescence asymmetry (see supporting information for more detail).

We find that the QD size distributions acquired from both methods are in good agreement, with
mean diameters that are less than 9% different. Most importantly, the two sizing methods agree on the width
and shape of the size distribution for all samples. While the spheroidal QD populations are slightly skewed
(0.22 to 0.30 according to SAXS), these size skew values are not extreme enough to reproduce the
experimental photoluminescence skew values. Figure B7 and Table 3.1 compare the estimated
inhomogeneous broadening contributions to the photoluminescence based on the size-distributions. For all
samples the inhomogeneous line shape is blue skewed and we estimate that the size distribution skew would
have to be two to three times larger to reproduce the observed line shape purely by size. These results
suggest that the asymmetric photoluminescence does not primarily result from size dispersion in the
ensemble.

Table 3.1: Comparison of QD size distributions and the estimated inhomogeneous contributions to the
photoluminescence line shape and the measured experimental photoluminescence line shape

Size Size Distribution Estimated Experimental
e . Photoluminescence Photoluminescence
Distribution Skew

Skew Skew
S4 4.6+ 0.7 nm 0.28 0.44 -0.62
S5 5.1 +£0.6 nm 0.22 0.34 -0.55
S7 7.5+ 0.9 nm 0.22 0.43 -0.50
S12 12.4+ 1.9 nm 0.30 0.65 -0.44
C9 9.3+ 1.6 nm 0.20 0.58 -0.07

To further explore the potential effect of size dispersity on the ensemble skew, we also measure
single QD photoluminescence spectra. Figure 3.2b shows representative single QD photoluminescence
spectra from several individual particles. The spectra of the single spheroidal QDs display an elongated red
tail (skew values of -0.65 £ 0.15), while the spectra of C9 QDs are more symmetric (skew values of -0.02
+ 0.08). Figure 3.2¢ shows the distribution of skew values from all single QD photoluminescence spectra
and Figure 3.2d compares the skew values from the single QD photoluminescence spectra to their maximum
emission energy. We find that the average skew of a single QD spectrum is within 0.05 of the ensemble
skew for all samples and that within samples skew does not trend with size, confirming that the ensemble
skew is primarily due to the photophysical properties of the individual QD and not size dispersion.
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Figure 3.2: Photoluminescence asymmetry is not an ensemble effect. a) SAXS size distributions for spheroidal
QDs. Size distributions are best described by a bimodal Schulz distribution which represents the larger QD population
along with a population of smaller particles at 2-4 nm. The secondary population is not shown here (see Table B3 and
Figure B6 for details on this population). The average QD diameter and standard deviation are written above the
distributions. b) Single QD photoluminescence spectra for spheroidal and cubic QDs. Dots represent the raw data and
solid lines the smoothed data. Spheroidal QDs exhibit elongated red tails and have skew values between -0.80 and -
0.50. C9 QD spectra are more symmetric with skew values between +0.08 and -0.10. QDs were drop-cast onto glass
coverslips with no polymer matrix, and photoluminescence was measured at room temperature under nitrogen using
420 nm excitation. Emission maxima and line widths match well with ensemble characterization (see Table B4 for
more details). Correlated blinking and photoluminescence spectra are shown in Figure BS. Spectra baselines are zeroed
at the mean value of the high-energy baseline. ¢) Skew values of single QD spectra. N =23 for all QDs. Spheroidal
QDs have large negative skew values (-0.70 to -0.50) while the cubic QDs maintain skew values near zero (-0.10 to
0.10). Black dots represent individual spectra and the pale line represents the ensemble skew for the synthetic batch
used in this measurement. The average skew of the single QD spectra is in good agreement (+ 0.05) with the ensemble
skew value for all samples. d) Skew values of single QD spectra compared to their maximum emission energy. Within
a synthetic batch the photoluminescence skew of individual QDs is uncorrelated to their relative sizes.
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After eliminating photoluminescence asymmetry arising from the size distribution as the primary
cause of the elongated red tail, we consider other potential causes. First, we consider whether a strong
biexciton contribution to the ensemble photoluminescence causes the elongated red tail. Such an effect
could lead to a red tail as biexciton emission is a lower energy process than excitonic emission. % In that
case, we expect the photoluminescence asymmetry to increase with higher excitation powers. To look for
evidence of biexciton emission, we acquired photoluminescence spectra with varying excitation powers.
Figure B9 shows the photoluminescence of the S7 QDs measured at powers from 0.95 mW/cm? to 170
mW/cm?. The photoluminescence intensity varies linearly with excitation power over four orders of
magnitude with no observable change in line shape. We thus rule out biexciton emission as the cause of
the observed photoluminescence asymmetry under our experimental conditions.

Next, we consider that the change in QD morphology results in different exciton fine structure,
introducing a second emissive state.”>?’ In that case, we expect to see differences in the absorption fine
structure of spheroidal and cubic QDs. We use photoluminescence excitation spectroscopy to monitor and
compare band-edge fine structure. Figure B10 compares photoluminescence excitation spectra from S7,
S12 and C9 samples. The photoluminescence excitation spectra show no difference in band-edge fine
structure between these cubic and spheroidal QDs. We thus rule out exciton fine structure as the cause of
the observed photoluminescence asymmetry in spheroidal QDs.

Having ruled out a secondary excitonic contribution to the photoluminescence, we now consider
band-edge disorder related causes, including emissive traps*>*** and exciton-phonon coupling.?’ In a
disordered system, the band edge can vary spatially or temporally, resulting in potential minima, which
form a band-tail of shallow states associated with phonon modes and traps.?*3

If band-edge disorder is the cause of the elongated photoluminescence tail, we expect to see signs
of disorder in the absorbance spectrum. Specifically, the onset of the absorption band-edge contains
information about the density of band-tail states. We quantify the slope of the absorption onset in our QD
samples using an Urbach tail fit. Shallower slopes indicate increased disorder and a higher density of band-
tail states. As the absorbance spectrum of a QD sample contains contributions from excitonic and
continuum components, the Urbach tail cannot be determined simply by fitting the measured absorbance
onset. Thus, we use an Elliott model function to separate excitonic and continuum contributions.*' Figure
B11 shows Elliott model fits to the QD absorbance spectra in Figure 3.3a, and Table B5 contains the fit
parameters. Figure 3.3a shows the measured absorbance (solid lines) and the continuum absorbance
contributions (dashed lines) for both spheroidal and cubic QDs. We characterized the Urbach tails by fitting
the onset of the continuum contribution to Equation 1.3

Acontinuum(E) = AO m’:’ﬁexp [% (E - Eg) - %] (1)
Ay is a prefactor with units of nm-s-eV>?, kg is the Boltzmann constant, T is the temperature, Muysach
describes the slope of the exponential onset and E, is the optical bandgap. Figure B12 shows the fits of
Equation 1 to the continuum absorbance contributions. Within the spheroidal QD samples, the onset slope
exhibits a clear trend, with smaller QDs having a shallower onset. The S4 sample has the shallowest onset
(Muyrbach = 0.899 £ 0.005), and the S12 sample has the steepest onset (Murpach = 0.942 + 0.003) indicating that
band-edge disorder scales with size. This is an expected trend, as the strongest contributing factor to band-
edge disorder in perovskites is exciton-phonon coupling® which increases in strength as QD size
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decreases.*> However, the C9 QDs do not fit the size-based trend seen in the spheroidal QDs; despite the
mid-range size, the C9 sample has a steeper onset (Murbach = 0.994 = 0.004) than either the S7 or S12 QDs.
The deviation of the C9 sample from the trend in spheroidal QDs indicates that spheroidal QDs have
significantly more band-edge disorder than cubic QDs. We consider two likely causes for the increased
band-edge disorder in spheroidal QDs: increased exciton-phonon coupling strength and increased trap
density.

We turn to emission-energy-dependent photoluminescence lifetimes to distinguish between band-
tail states resulting from exciton-phonon coupling and trap density. If the elongated red tail is caused by
increased exciton-phonon coupling strength, we expect to see a lifetime independent of emission energy.
However, if the elongated red tail is caused by radiative recombination at trap states, the lifetime should
increase as the emission energy decreases and the traps become deeper. >2*33 Figure 3.3b shows emission-
energy-dependent lifetimes for the spheroidal QDs acquired via streak camera (see supporting information
section on streak camera measurements for details). We fit lifetimes using a stretched exponential (Equation
B4) to capture the distribution of recombination dynamics present in a heterogenous ensemble.** Figure
B13 shows the photoluminescence lifetime data and fits for selected emission energies. In the spheroidal
QD samples, the lifetime increases as the emission energy decreases, which suggests a red-edge emission
that arises from emissive traps. In contrast, the C9 QDs have an emission energy independent lifetime. We
acknowledge that our observed lifetimes do not show the sigmodal trend expected for emissive traps in
semiconductors. However, our observed linear trend can be explained by the combination of a mobility
edge near the band-edge and very shallow traps. And having ruled out other possible causes of a linear
trend in lifetime (Appendix B- Interpreting Emission Energy Dependent Lifetimes, Table B6 and Figure
B14) we are left with a lifetime trend that is more consistent with a red tail caused by emissive traps than
by exciton phonon coupling.

To directly probe for emissive traps, we collected excitation-energy-dependent photoluminescence
spectra. We compare spectra collected with above-gap excitation, which creates a population of excitons
that primarily recombine at the band-edge, and sub-gap excitation, which creates an initial population of
excitons in the band-tail states, to distinguish between trap-mediated emission and band-edge emission. If
the spectrum acquired with sub-gap excitation is identical to its above-gap counterpart, then the initial
population of band-tail excitons up-convert and recombine at the band-edge.?>-¢ If the spectrum acquired
with sub-gap excitation is red-shifted and broader than its above-gap counterpart, then radiative
recombination occurs in the band-tail states. 3’ Figure 3.3¢ shows selected photoluminescence spectra of
the QD samples acquired using above-gap and sub-gap excitation. Table B7 and Figure B16 compare the
emission maxima and line widths from above-gap and sub-gap excitation, and Figure B15 shows additional
excitation energy-dependent spectra from the QD samples. The spectra from C9 QDs with sub-gap and
above-gap excitation are identical — indicating there is no emission from trap states in cubic QDs. In
contrast, the spectra from spheroidal QDs with sub-gap excitation are red-shifted and broader than their
above-gap counterparts — indicating that spheroidal QDs have emissive traps. The observed overlap
between spectra with above-gap and sub-gap excitation suggests that the emissive traps in these QDs are
extremely shallow - consistent with the magnitude of the changes in lifetime time with emission energy
observed in Figure 3.3b.
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Figure 3.3: Evidence for Traps. a) Absorbance spectra for spheroidal and cubic QDs. The contributions of the
continuum absorbance are shown with a dashed line. The slope of the continuum onset (murbach) becomes shallower
with decreasing QD size for spheroidal QDs and is the steepest in cubic QDs. b) Emission energy dependent
photoluminescence lifetimes for spheroidal QDs. Lines represent the general trends in lifetime for each sample. Error
bars represent the uncertainty in the average lifetime as propagated from the standard error of the fitting parameters.
For spheroidal QDs the lifetimes increase as the emission energy decreases indicating emission from traps on the low
energy side. However, for the cubic QDs the lifetime remains constant as emission energy changes. ¢) Overlayed
photoluminescence spectra acquired with above-gap or sub-gap excitation for spheroidal and cubic QDs. Sub-gap
excitation photoluminescence in spheroidal QDs arises from emissive traps. Spectra labeled above-gap excitation were
acquired by exciting at 400 nm. Spectra labeled sub-gap excitation were acquired by exciting at 510 nm, 520 nm, 530
nm, 540 nm, and 530 nm, respectively, for S4, S5, S7, S12, and C9 QDs. Scatter from the sub-gap excitation was
removed from the spectrum for clarity. Figure B17 shows the spectral stability of the S12 quantum dots over 4 hours
of continuous excitation.

If traps cause the observed photoluminescence asymmetry, passivating these traps should reduce
the asymmetry. To explore the effects of different passivation on the photoluminescence asymmetry of
spheroidal quantum dots we synthesized spheroidal CsPbBr; quantum dots with four other ligands. We
chose to test di-dodecylammonium bromide (DDAB), the di-quaternaryammonium (dicationic) ligand
reported by Ginterseder et al,” N,N-dimethyloctadecylammoniopropanesulfonate (ASCI18),*® and
dodecyloctlyphosphoethanolamine (peaC8C12)!¢ as some of the most commonly used ligands for CsPbBr;
quantum dots. Figure 3.4a shows the chemical structure of our selected ligands and Figure 3.4b compares
the photoluminescence skew values of spheroidal CsPbBr3; quantum dots with the selected ligands to the
photoluminescence skew of the C9 quantum dots. Interestingly, none of these ligands improve the
photoluminescence skew — with skew values ranging between -0.4 and -1.1 depending on the ligand and
emission energy. The only tested ligand which reduces the measured photoluminescence skew is
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combination of lecithin and phenethylammonium bromide (PEABr) — with skew values ranging between -
0.2 and -0.3. Figure B18 shows further optical characterization of lecithin/PEABr-capped quantum dots —
which have higher PLQYs, steeper Urbach tails, and more homogenous lifetimes. Figure B19 shows TEM
characterization of lecithin/PEABr-capped quantum dots which reveal that the addition of PEABr causes
surface etching which results in quantum dots with a more cubic morphology. These results suggest that
the asymmetric photoluminescence is associated with the polar facets of the spheroidal quantum dots and
that PEABr improves the photoluminescence symmetry by providing additional passivation to polar facets*
and/or selectively etching polar facets.

While adding PEABTr to lecithin-capped spheroidal quantum dots results in a more symmetric
photoluminescence line shape, PEABr is not an ideal ligand for long-term QD passivation. Figure B20
shows that PEABr addition results in the formation of quasi-two-dimensional perovskite byproducts, and
Figure B21 shows that PEABr decreases storage stability. However, the reduction of the elongated red tail
after PEABr addition indicates the promise of similar ligands and the importance of facet-specific
investigations of ligand binding in perovskite QDs.
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Figure 3.4: Ligand Dependent Photoluminescence Skew. a) chemical structures of selected ligands used for
CsPbBr3 passivation. b) photoluminescence skew of CsPbBr3; quantum dots with different shapes, sizes and ligands.
When used on spheroidal quantum dot, none of the ligands commonly used for CsPbBr; passivation (lecithin, DDAB,
dicationic, ASC18 and peaC8C12) produce photoluminescence skew values smaller than -0.40. The only ligand
combination which reduces the photoluminescence skew of spheroidal quantum dots is lecithin and PEABr.

3.4 Conclusion

Through a variety of steady-state and time-resolved spectroscopies, we study the asymmetric red
photoluminescence tail of spheroidal CsPbBr; QDs. Single QD photoluminescence spectra, SAXS, and
TEM confirm that an asymmetric size distribution does not cause the observed asymmetric
photoluminescence tail. Based on emission energy dependent lifetimes, Urbach tail fittings, and
photoluminescence spectra with sub-gap excitation, we conclude that emissive traps are responsible for the
observed photoluminescence asymmetry. Furthermore, ligand dependent photoluminescence skew studies
reveal that many common ligands do not passivate these emissive traps. Of the studied ligands only a
combination of lecithin and PEABr results in a more symmetric line shape — suggesting that the polar facets
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present in spheroidal quantum dots play an important role in the observed line shape. These findings
indicate the promise of other highly polarizable ligands, such as N,N-diphenacyl oleylammonium, aromatic
phosphoethanolamine derivatives and 1-(p-tolyl)ethylamine, for passivating spheroidal QDs. They also
highlight the drastic impact of morphology and faceting on the fundamental optical properties of perovskite
QDs.
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4.1 Overview

We explore silane-coated formamidinium lead bromide (FAPbBr3) quantum dots as single photon
emitters and compare them to FAPbBr3; quantum dots passivated with a phosphoethylammonium
derivative (PEACgC)2), which represents current state-of-the-art in zwitterionic molecular surface ligand
passivation. We compare properties including single-photon purity (g)(t)), linewidth, blinking, and
photostability. We find that at room temperature, these silane-coated dots perform comparably to the
PEACsCi2 passivation in terms of single-photon performance metrics, while exhibiting improvements in
photostability. However, we find that at 4K, silane-coated FAPbBr; quantum dots perform worse than the
PEACsCiz-passivated samples, exhibiting faster blue-shifting and photobleaching under illumination.
Analysis of fluorescence lifetime intensity distributions from the photon-counting data indicates increased
efficiency of fast non-radiative processes in the silane-coated quantum dots at 4K. We propose a
trion-related degradation pathway at low temperatures that is consistent with the observed kinetics and
estimate that at 4K with 6.1 uJ/cm? 472 nm excitation the silane-coated quantum dots build up double the
trion population of their PEACsCi»-passivated counterparts.

4.2 Introduction

Lead halide perovskite quantum dots are a promising material for a variety of optoelectronic applications,
owing to their large absorption cross sections, high photoluminescence quantum yields,' narrow linewidths?
and tunable emission.’ These properties make them especially interesting for implementation in light
emitting diodes (LEDs),* photovoltaics® and photodetectors.® Additionally perovskite quantum dots have
recently emerged as a promising colloidal single photon source, given their strong anti-bunching behavior
at all temperatures’ and radiative lifetimes which approach the transform limit at low temperatures.® Indeed,
Kaplan et al. have successfully demonstrated Hong-Ou-Mandel interference using colloidal perovskite
quantum dots — proving this material can indeed serve as a source of indistinguishable single photons.’
These advances are particularly exciting given emerging capabilities to pattern single colloidal emitters on
demand, providing a pathway for chip-scale nanophotonic integration.' Despite these advantages,
perovskite quantum dots still exhibit sub-optimal behaviors, including photoluminescence intermittency
and spectral wandering (commonly known as blinking and spectral diffusion) that can impact long term
photon indistinguishability. However, these are problems that are common to all types of quantum dots,
indeed to most sources of single photons.'!

In colloidal quantum dots, blinking and spectral diffusion depend on the quantum dot surface, and
variations in the local environment.'! As such, the first step to reducing blinking and spectral diffusion is
to improve passivation of the quantum dot surface, which has the dual effect of filling traps and screening
the quantum dot from the local environment. Colloidal quantum dot passivation generally falls into two
standard motifs — the use of ligands that bind to the quantum dot surface or overgrown layers of a wider
bandgap material (shells). For II-VI and III-V quantum dots, core-shell heterostructures have proven more
successful in suppressing blinking and spectral diffusion than ligand passivation.'? In fact, with the right
shell researchers have been able to produce entirely non-blinking CdSe quantum dots.'*!* This method has
recently been extended to grow “colossal” shells'® resulting in non-blinking quantum dots which are
sufficiently large for deterministic positioning.!” The success of this approach provides an excellent
blueprint for creating a deterministically positionable single photon source, if a suitable shelling material
can be identified.
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Unfortunately, viable candidates for perovskite quantum dot core-shell heterostructures remain
limited. As such perovskite quantum dot passivation has focused on ligand development, and many of the
recent improvements in perovskite quantum dots as a single photon source have focused on optimizing the
ligand chemistry.!”?! Currently, state-of-the-art ligands for high performing single perovskite quantum dots
are zwitterions derived from sulfobetaine and phosphoethlyammonium.®*!” However, there is a significant
amount of on-going work aimed at finding a good shelling material for perovskite quantum dots. Currently,
oxide-based shells such as titania, alumina and silica are some of the most promising candidates.?? Oxide-
based shells provide significant improvements in the lifetimes of perovskite quantum dot thin films and
increase the stability of thin films in the presence of heat, UV light, oxygen and water.?>*” As such oxide-
shelled perovskite quantum dots have received significant interest for LEDs.?**?° These characteristics
also suggest that oxide-based shells may work well for perovskite quantum dot single photon sources, as
photostability at high fluences remains a challenge for this application as well.3*3!

Here, we explore passivation of formamidinium lead bromide (FAPbBr3) quantum dots with the
diaminosilane N-(2-Aminoethyl)-3-aminopropyltriethoxysilane (AEAPTES), focusing on the performance
of these quantum dots for single photon emission applications. To this end, we benchmark their
performance against FAPbBr; quantum dots passivated with the current top-performing!”*? ligand
(PEAC3Cy2) both at room temperature and 4K. We find that silane-coated FAPbBr; quantum dots have
excellent performance at room temperature but show reduced photostability at 4K when compared to the
PEACsCiz-passivated dots.

4.3 Results and Discussion

We synthesized our PEAC;Ci>-passivated FAPbBr; quantum dots via the trioctylphosphine
oxide/PbBr, method.!”* We first grew the dots using weakly bound ligands and exchanged them with the
strongly binding PEAC3C, post-synthesis using established protocols.'” We synthesized the AEAPTES-
modified FAPbBr; quantum dots via hot-injection®* using oleylammonium and oleate as ligands and then
ligand exchanged to AEAPTES as described in the method section. We chose AEAPTES for its ability to
provide two functions: first, surface passivation via the head groups (amine and ammonium) and second,
the possibility of cross linking by triethoxysilane hydrolysis. It is possible that AEAPTES may also react
with FA" during the ligand exchange to form an imidazole-silane cation®> which is functionally similar to
mono-protonated AEAPTES (amine, ammonium and triethoxysilane). This first silane coating is essential
for growing thicker silica shells using orthosilicates.** However, for these experiments, we did not overgrow
the silane coating to accumulate significant thickness but compare the AEAPTES-exchanged quantum dots
directly against PEACsCi2-exchanged dots. Figure C1 shows the chemical structures of PEAC3C,, and
AEAPTES and Figure C2 shows that, under our synthesis, storage and sample preparation conditions, some
AEAPTES undergoes triethoxysilane hydrolysis to form a partially cross-linked tail.

We carefully matched the quantum dot sizes (after ligand exchange/treatment) for this study to
obtain similar absorption and emission spectra and minimize size-dependent effects. Figure 4.1 shows the
solution characterization of the two near-identical batches of post-ligand exchange quantum dots. Both
batches have photoluminescence quantum yields (PLQY's) near unity (Figures 4.1a and 4.1b), emission
maxima of approximately 2.41 eV (Figures 4.1a and 4.1b) and photoluminescence lifetimes of
approximately 4 ns (Figure 4.1c). Figure 4.1d shows the HAADF-STEM-measured size distributions for
both samples and Figure C3 shows representative HAADF-STEM images. We find that the silane-coated
quantum dots are ~1.1 nm larger than their PEAC;C),-passivated counterparts. However, given that the two
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samples have matched optical bandgaps, we ascribe this size difference to an orthosilicate monolayer (a ~
0.5 nm) formed by hydrolysis of AEAPTES. Figure C4 shows that the silane-coated quantum dots also
have a slightly larger ligand sphere (1.5 nm) than their PEACgC ,-passivated counterparts (1 nm). We also
find that silane-coated quantum dots have a slightly broader size distribution — which is consistent with our
observed difference in ensemble photoluminescence linewidth (121 vs 134 meV, Figures 4.1a and 4.1b).
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Figure 4.1. Ensemble characterization of quantum dot samples. a) absorbance spectra of PEAC3Ci»-passivated
(blue) and silane-coated (orange) FAPbBr3; quantum dots. Spectra are offset for clarity. PEACgC,-passivated quantum
dots have a first absorbance peak at 2.455 eV and silane-coated quantum dots have a first absorbance peak at 2.460
eV. b) photoluminescence spectra of PEACsCi»-passivated (blue) and silane-coated (orange) FAPbBr; quantum dots.
Spectra are offset for clarity. PEACgCiz-passivated quantum dots have a photoluminescence peak is at 2.413 eV, a
full width at half maximum of 121 meV and a PLQY of 99%. Silane-coated quantum dots have a photoluminescence
peak is at 2.410 eV, has a full width at half maximum of 134 meV and a PLQY of 91%. ¢) photoluminescence lifetimes
for our PEAC3Cz-passivated (blue) and silane-coated (orange) FAPbBr; quantum dots. We fit the lifetimes to a
stretched exponential (dashed lines, Equation C3) to best describe lifetime of a heterogeneous sample.?” d) TEM-
measured size distribution for our PEACsCiz-passivated (blue) and silane-coated (orange) FAPbBr; quantum dots.
We fit the size distributions to a Gaussian (solid lines) to extract the average size. Figure C3 shows the HAADF-
STEM images we used to extract the size distribution. Since the two samples have identical first absorption peaks and
emission maxima, we ascribe the size difference between the two samples to the AEAPTES-passivation step.

We begin characterizing the behavior of our two samples as single quantum dots via widefield
microscopy. Widefield microscopy is well-suited for characterizing the blinking behavior of a statistically
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significant number (N >> 100) of quantum dots in low-power regimes and can reveal disparate blinking
behavior between comparable ensemble samples.?! Figure C5 shows the blinking behavior we observed for
our PEAC;Ci2-passivated and silane-coated quantum dots using widefield microscopy. We find that, at
room temperature under low excitation power (405 nm, 9 mW/cm?), both our PEACsC,-passivated and
silane-coated quantum dots perform well relative to current literature on room-temperature perovskite
quantum dot blinking. Consistent with other reports,!” we find that PEACsC,-passivated quantum dots
have an average ON% of 96% and a non-blinking fraction of 81%. We observed slightly improved
performance from silane-coated quantum dots which have an average ON% of 95% and a non-blinking
fraction of 90%. Even this minor improvement in performance is notable since PEACsCy» is currently
reported to be one of the best-performing surface passivation strategies for single-photon emitting
perovskite quantum dots.'”*?

Having observed encouraging blinking performance from both the PEACsCi,-passivated and
silane-coated quantum dots under low excitation powers, we continue our room temperature single quantum
dot characterization in a higher excitation power regime (472 nm, 6.1 pJ/cm?) using pulsed confocal
illumination at a repetition rate of 15.6 MHz. For comparison, this combination of pulse energy, duration,
and frequency represents a time-averaged power of 95 W/cm? and a peak power of 3.1 MW/cm? which is
orders of magnitude higher than typical test conditions for down-conversion phosphors.*** Figures C6 and
C7 show the full characterization of representative single quantum dots for PEAC3C ), passivation and silane
coating respectively. We consider three main metrics to assess how well quantum dots perform as single
photon emitters — linewidth, second order photon autocorrelation functions (g?(t)) and weighted ON%.
The ideal single photon emitters should have a narrow (transform-limited) linewidth, a low g®(t = 0) and
a high ON%. Figure 4.2a shows the distribution of linewidths measured from our samples at room
temperature. Single PEAC;Ci>-passivated quantum dots have a linewidth of 72 + 2 meV (median =+
interquartile deviation) and silane-coated quantum dots have a linewidth of 70 + 3 meV. While the siliane-
coated dots have a broader ensemble linewidths, the comparable single quantum dot linewidths indicate
that much of the ensemble linewidth difference is due to differences in the size distribution (Figure 4.1d) —
which is further supported by the difference in the distribution of the individual dot emission maxima
(Figure C8).

Next, we compare the second order autocorrelation functions, g®(t), for silane-coated and
PEAC;C»-passivated quantum dots. Figure 4.2b shows the distribution of measured values for g?(t = 0)
which measures the single-photon purity of each quantum dot and confirms that we have measured a single
quantum dot. We limit our sample size to quantum dots with a g®(t = 0) under 0.5, as that is the statistical
limit for a photon source to be considered a single emitter. However, an excellent single-photon emitter
should generally have a g?(t = 0) of less than 0.1.7*!*" By this metric, PEACsC,-passivated and silane-
coated quantum dots perform similarly at room temperature, with PEACsC,-passivated quantum dots
showing a slightly higher percentage of quantum dots with a g®(t = 0) under 0.1 (42 + 10% vs 36 = 10%),
though the difference is close to the statistical uncertainty after measuring N = 53 and N = 65 quantum dots.

Finally, we compare the blinking behavior of our single quantum dots. Figure 4.2c shows the
distribution of intensity-weighted ON percentages calculated from Change Point Analysis
(CPA)-classified*"*? blinking traces for both quantum dot samples. The intensity weighted ON percentage
is defined in Equation C7, but in brief we deviate from traditional ON/OFF!"** and ON/OFF/GREY*%
analysis and treat all mid-intensity CPA-identified states as a linear combination of the ON (maximum

49



intensity) and OFF (lark + 304ark) states. This choice reduces the complex multi-level blinking dynamics of
perovskite quantum dots (nieveis > 10)* to a simple system without completely ignoring the dynamics of the
GREY states. We find that under our measurement conditions both silane-coated and PEACsCi>-passivated
quantum dots perform similarly with average weighed ON percentages of 49 = 13% and 46 £ 12%
respectively.

Our choice to use an intensity-weighted ON percentage means that both blinking events and
photobleaching can affect this figure of merit. Unfortunately, we see evidence of photobleaching during
our measurement (Figures C6 and C7) which is unsurprising as perovskite quantum dots are known to
photobleach at high excitation densities.’**! To distinguish photobleaching from blinking, we use large (10
s) time bins*’ and record the highest intensity observed in each window. We fit our maximum intensity
traces to a linear decay where the slope is the average photobleaching rate. Figure C8 shows the distribution
of the total intensity losses for both samples and Figure 4.2d shows, on average, how the maximum intensity
changes in time for both samples. We find that, on average, PEACsCi2-passivated quantum dots lose 40%
of their maximum intensity (approximately 6.7 kcps) during the 600 second measurement, under these
rather intense excitation conditions. In contrast, silane-coated quantum dots are much more photostable and
only lose 5-10% of their maximum intensity (approximately 1.8 kcps) over the same duration. These results
indicate that at room temperature, silane coating results in significantly more photostable quantum dots
than PEACsCi, passivation. Since the silane coating is relatively thin, we speculate that in addition to
providing a physical barrier, triethoxysilane polymerization and physical confinement may also serve to
suppress photoinduced ligand desorption, thus contributing to increased stability.

Overall, using the state-of-the-art PEACsCi» ligand as a benchmark, we find that silane-coated
FAPbBr; quantum dots perform well as colloidal single photon emitters at room temperature. They have a
comparable linewidth and weighted ON% to the PEACgC ;-passivated quantum dots. And while silane-
coated quantum dots have a slightly worse g@(t = 0) distribution than PEACsC>-passivated quantum dots,
they are four times more photostable. The performance of our silane-coated quantum dots is even more
impressive when we consider the size of our quantum dots (~ 6 nm edge length) and our excitation density
(6.1 uJ/cm?). These conditions should significantly increase the sensitivity of the observed single quantum
dot performance to surface and environmental effects, as these effects are amplified in small quantum dots,
causing small changes in passivation to result in large changes in performance.*® And at the same time high
excitation densities increase the impact of any detrimental higher order processes.**** Given these
conditions, it is all the more impressive that our silane-coated quantum dots keep up with, and even
outperform, our PEAC3C,-passivated quantum dots; indicating that silane-coated perovskite quantum dots
are in fact a promising direction to explore for room temperature single photon emitters.
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Figure 4.2. Single quantum dot characterization at room temperature a) Distribution of single quantum dot
photoluminescence linewidths. Dashed lines and corresponding numbers represent the median + interquartile
deviation b) Distribution of g@(t=0) for single quantum dots. g?(t=0) values under 0.1 are considered excellent (grey
box) and make up 42 + 10% and 36 = 10% of the measured quantum dots for PEAC3C), passivation and silane coating
respectively. ¢) Distribution of weighted ON%s for single quantum dots. Dashed lines and corresponding numbers
represent the median + interquartile deviation. d) Quantum dot photobleaching seen through a decreasing maximum
intensity in time. Scattered points are the average of all (Npeacsci2 = 65, Nsitane = 53) single quantum dot photobleaching
traces. Dashed lines are linear fits to the data of the form y =mx + 1.

Having explored the potential of our two samples as single photon sources at room temperature we
continue our characterization at 4K. Figures C9 and C10 show the full 4K characterization of representative
single quantum dots with PEAC;C), passivation and silane coating, respectively. Our three main metrics to
assess how well these quantum dots perform as single photon emitters remain the same as for the room
temperature measurements. Additionally, at low temperatures spectral diffusion slows down, and
linewidths narrow allowing us to assess the impact of spectral diffusion by measuring linewidths at both
short (1s) and long (600 s) integration times. Figure 4.3a compares the average linewidth at a short
integrations time (1 s) to the linewidth at a long integration time (600 s). While the PEACsCi,-passivated
and silane-coated samples have similar linewidths at short times (20 £ 4 meV and 25 + 5 meV respectively,
Figure C11) silane-coated quantum dots have a much larger linewidth at long integration times (31 + 8 meV
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and 44 + 15 meV respectively, Figure C11). Surprisingly, this difference in short- and long-time linewidths
does not appear to arise primarily from the random spectral fluctuations associated with spectral diffusion.
Instead, as shown in Figure C12, the changing linewidth is strongly correlated to a continuous spectral
blueshift. Figure 4.3b shows the average blue shift in time for both samples. While PEACsC,-passivated
quantum dots show a small spectral blue shift (averaging 8 meV over 20 minutes), silane-coated quantum
dots blue shift nearly three times as far (averaging 23 meV over 20 minutes). Spectral blue-shifts are a
common sign of photodegradation® — which is further confirmed by the observation of photobleaching
during the blinking measurements (Figure C12).

Next, we compare the second order correlation functions g®(t) for silane-coated and PEAC;sC»-
passivated quantum dots. Figure 4.3¢ shows the distribution of measured values for g@(t = 0). Again,
PEAC;Ciz-passivated quantum dots perform better than their silane-coated counterparts. 61 + 10% of the
PEAC;C2-passivated quantum dots have a g¢®(t = 0) under 0.1, compared to 49 = 11% of the silane-coated
quantum dots. The difference in the distribution of the g®(t = 0) values indicates that silane-coated quantum
dots likely have either a larger chance of biexciton formation, or a higher biexciton quantum yield.

Finally, we compare the photoluminescence lifetimes and blinking behavior of our quantum dots.
Figure 4.3d shows the distribution of intensity weighted ON percentages calculated from CPA classified
blinking traces for both quantum dot samples. Once again, PEACsCiz-passivated quantum dots outperform
their silane-coated counterparts. PEACgC 2-passivated quantum dots have an ON% of 66 + 11%, while
silane-coated quantum dots have an ON% of 55 + 11%. We also compare the distribution of single quantum
dot photoluminescence lifetimes, which are shown in Figure C13. We fit the lifetimes using a stretched

exponential because the lifetime of a single quantum dot can vary during blinking events®>3

— resulting in
a measured lifetime analogous to a lifetime from a heterogenous sample.’” Consistent with the observed
higher ON%, PEACgC ,-passivated quantum dots also have longer lifetimes (383 + 101 ps) than their

silane-coated counterparts (276 £+ 61 ps).

Overall, our characterization at 4K paints a different picture of silane-coated quantum dots as single
photon emitters than the room temperature measurements. Silane-coated FAPbBr; quantum dots exhibit a
persistent spectral blue shift, stronger photobleaching, a lower weighted ON% and shorter
photoluminescence lifetimes than PEACsCz-passivated quantum dots. These measurements indicate that
at 4K PEACgC); provides better passivation for FAPbBr; quantum dots than the current generation of silane
coating. This difference is especially puzzling given the favorable room temperature performance of these
silane-coated perovskite quantum dots. Next, we explore the reasons for this change in performance at low
temperature.

52



a 60 T b 25 T T
PEAC:C1; [ o PEACsCiz
© C Silane [ o Silane

S01 o o ~20f

o | o /° 3 i :

€ a0l s/ © £ I m: 1.7E-2 meV/;/’%
~ (o} @O © o % — 15 B ’/
= % %& o) o o - § -
X 30 o 00§bo o o - ,/
= o0 % o 0 © 10 g
[TH o] o i '

.20 & o (o] Q [

o éﬂ o ) 3 .t
> o [24] 5 ‘-"‘-
< 10} “In: 8.1E-3 meV/s

N A o ]
0 20 40 60 80 100 120 140 400 600 800 1000 1200
Integrated FWHM (meV) Time (s)

9]
Q

49 + 11% 0.1F

55+£11%

Q
N

61 + 10% B 66 + 13 %

Fraction of QDs
o
o

o
N
Fraction of QDs

0'%.0 0.1 0.2 0.3 0.4 0.5 ' 40 60 80
g?(t = 0) Weighted ON (%)

Figure 4.3. Single quantum dot characterization at 4K a) Average linewidth at short integration times (1s)
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lifetime and g*(t). ¢) Distribution of g®(t = 0) for single quantum dots. g®(t = 0) values under 0.1 are considered
excellent (grey box) and make up 61 + 10% and 49 + 11% of the measured quantum dots for PEACsC;, passivation
and silane coating respectively. d) Distribution of weighted ON%s for single quantum dots. Dashed lines and
corresponding numbers represent the median + interquartile deviation.

We find the first hint towards the cause of the decreased performance by exploring the underlying
non-radiative decay mechanisms responsible for blinking at room temperature and 4K. Different non-
radiative decay mechanisms have unique lifetime-intensity correlations, which can be easily identified by
fluorescence lifetime intensity distributions (FLIDs). There are three non-radiative pathways which are
most commonly considered responsible for quantum dot blinking — band-carrier (BC) trapping, Auger-
Meitner recombination and hot-carrier (HC) trapping.’** BC trapping is associated with the multiple
recombination center model of quantum dot blinking, where the quantum dot remains neutral and blinking
occurs because of short-lived traps.*> In this model, blinking occurs as the non-radiative recombination
rate changes while the radiative recombination rate remains constant resulting in a linear lifetime-intensity
correlation.*>* Auger-Meitner mediated blinking is associated with quantum dot charging and trion
formation, which could occur either by photoionization or long-lived traps.>*** In this scenario both the
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radiative and non-radiative recombination rates vary as the quantum dot blinks resulting in a non-linear
correlation between the lifetime and intensity.>>>*HC trapping is also associated with neutral quantum dots,
but in this model carriers are trapped before relaxing to the band-edge resulting in a lifetime which is
independent of intensity.’* Importantly, these pathways are not mutually exclusive and a single quantum
dot can show a combination of HC trapping, BC trapping and Auger-Meitner recombination.>?

Representative FLIDs for PEACsCis-passivated and silane-coated quantum dots at room
temperature are shown in Figures 4.4a and 4.4b respectively. These FLIDs are constructed by summing the
lifetime and intensity normalized single quantum dot FLIDs for each sample. We do not see the signature
of HC trapping in any of our FLIDs at room temperature (unsurprising given that our excitation is only 200
meV above the bandgap) and as such discard HC trapping as a possible blinking mechanism in our samples
under these measurement conditions. However, our FLIDs do show signs of both BC trapping and Auger-
Meitner recombination. At room temperature, both samples show a predominantly linear relationship
between lifetime and intensity indicating that BC trapping is the dominant non-radiative recombination
channel. For a more detailed analysis we use Equation C8, which assumes that the overall FLID pattern is
a linear sum of the two underlying patterns,> to resolve the relative percentage of non-radiative decay which
can be attributed to BC trapping and Auger-Meitner recombination. The solid white line shows the fit of
the representative FLIDs to Equation C8, and dashed lines represent the 100% BC and 100% Auger-Meitner
mediated extremes. At room temperature blinking in PEACsC,-passivated quantum dots is primarily
mediated by BC trapping (99%), with less than 1% of blinking attributed to Auger-Meitner recombination.
Blinking in silane-coated quantum dots is also primarily mediated by BC trapping (93%), but we find that
Auger-Meitner recombination plays a more significant role at 7%. Figure C8 shows the distributions of BC
trapping and Auger-Meitner mediated blinking for individual quantum dots at room temperature. These
FLID patterns indicate that at room temperature non-radiative recombination predominately occurs via
short-lived traps. However, silane-coated quantum dots likely have a slightly higher probability of trion
and/or biexciton formation consistent with their observed tendency for larger g¥(t = 0) values (Figure
4.2b).

Figures 4.4c and 4.4d show the representative FLIDs for PEAC3Ci,-passivated and silane-coated
quantum dots acquired at 4K. At 4K, neither of our samples show a predominantly linear relationship
between lifetime and intensity. Instead, both samples show a strong non-linear correlation indicating that
Auger-Meitner recombination plays a more significant role in non-radiative recombination at 4K. To
resolve the relative percentage of non-radiative decay which can be attributed to BC trapping and Auger-
Meitner recombination we fit our FLIDs to Equation C8. At 4K we find that blinking in PEACgC»-
passivated quantum dots is primarily mediated by Auger-Meitner recombination (58%), although BC
trapping still plays a significant role (42%). We find that blinking in silane-coated quantum dots is
significantly more likely to be mediated by Auger-Meitner recombination (80%) with BC trapping playing
a smaller role (20%). Figure C13 shows the distributions of BC trapping and Auger-Meitner mediated
blinking for individual quantum dots at 4K.

The general trend of increased Auger-Meitner recombination contributions indicates that at 4K
perovskite quantum dots tend to have long-lived traps while at room temperature the traps are mostly short-
lived. And while the non-radiative decay mechanisms for silane-coated and PEAC3C ,-passivated quantum
dots are very similar at room temperature, at 4K Auger-Meitner recombination is significantly more likely
in silane-coated quantum dots than in PEACsCi»-passivated quantum dots. This suggests that silane-coated
quantum dots have an additional source of traps which play a significant role at 4K. As Auger-Meitner
recombination is most likely to be associated with trion and biexciton formation — we further explore trion
and biexciton formation in these samples to understand their differences in 4K performance.
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Figure 4.4. Comparing non-radiative decay mechanisms at room temperature and 4K with Fluorescence
Lifetime Intensity Distributions. FLID plots summed from all (Npgacsci2 = 65, Niilane = 53) single quantum dot to
represent the average single quantum dot at room temperature for a) PEACsC»-passivated and b) silane-coated. FLID
plots aggregated from single quantum dots (Npgacsci2 = 66, Nsilane = 53) to represent the average single quantum dot
at 4K for ¢) PEACsCi-passivated and d) silane-coated. The solid line represents the best fit of the data as a
combination of BC trapping and Auger-Meitner recombination, while the dashed lines represent the two extremes.
While the non-radiative decay mechanisms for silane-coated and PEACgC>-passivated quantum dots are very similar
at room temperature, at 4K Auger-Meitner recombination is significantly more likely in silane-coated quantum dots
than in PEACgC ,-passivated quantum dots. This suggests that silane-coated quantum dots have an additional source
of traps which play a significant role at 4K.

First, we look for signs of trion and biexciton formation in the fluence dependent PLQY. Figure
4.5a describes a simple possible physical model for the formation of trions and biexcitons in quantum dots.
In this model we consider three states: the exciton (X), the trion (X*) and the biexciton (XX). The formation
rate of the exciton is linear with respect to the excitation density, while the trion and biexciton formation
rates have a second-order dependence on the excitation density. Each state has an associated radiative (ki)
and non-radiative (knn) recombination rate and the biexciton has an additional trapping rate (k) associated
with the long-term trapping of a charge carrier which populates the trion.
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Figure 4.5b shows the fluence dependent PLQY of quantum dot thin films made from both samples.
We calculate the expected number of excitons formed per pulse (<N>) by estimating the absorption cross
section from the fluence dependent intensity of the thin film (Equation C11 and Figure C14).57% The
highest <N> value corresponds to our single quantum dot characterization fluence (6.1 uJ/cm?).
Qualitatively, the PLQY of the silane-coated quantum dots has a steeper roll off than the PLQY of the
PEAC;Cis-passivated quantum dots which is consistent with increased higher-order non-radiative
recombination. To check that the observed fluence dependence is consistent with the trion interpretation
from the FLID distributions, we next fit the fluence dependent PLQY using Equations 4.1a-4.1e which are
derived from the physical model depicted in Figure 4.5a:

LU w1 e e i (1 e ey (4.12)
aaitx = —Nx(kpx + knrx) + Nxx(kyxx + knrxx), Nx(0) =n (4.1b)
al;fi = Nyx(ke) = Ny (kyxs + knrxs) Ny;+(0)=0 (4.1¢)
al:;% = —Nyx(krxx + knrxx + k¢), Nyx(0) = n? (4.1d)
(N) =n+ 0.5n? (4.1e)

Equation 4.1a describes the expected behavior of the PLQY with changing excitation density; and depends
on the fluence dependent state populations Ny((N)) and the various radiative and non-radiative
recombination rates. Equations 4.1b-4.1d are a system of differential equations and initial conditions which
describe how the population of each state changes in time. Equation 4.1e describes the expected branching
ratio between exciton and biexciton generation for a given excitation density based on Poisson statistics.
The system of equations in Equations 4.1b-4.1d describe an initial value problem which can be solved for
the fluence dependent state populations. To find physically reasonable recombination rates we constrain
our radiative and non-radiative rates based on the lifetime and quantum yield of the samples at our lowest
fluence (0.45 nJ/cm?, Figure C15) and the expected statistical scaling of recombination rates in higher order
states.> These constraints, along with model limitations and alternative PLQY models are discussed in more
detail in the Supplementary Information under the heading “Fluence Dependent PLQY” and in Figure C16.

Table 4.1 shows the recombination rates found by fitting the data in Figure 4.5b using Equations
4.1a-4.1e. Additionally, as shown in Table C1 and Figure C15, the recombination rates found from fitting
the fluence dependent PLQY data are consistent with the experimental dynamics of the exciton and trion
states from our single quantum dot data and our experimental fluence dependent lifetimes. The fitting
reveals two primary differences in the recombination dynamics of the PEACsC;-passivated and silane-
coated quantum dots. First, silane-coated quantum dots have larger biexciton and trion non-radiative rate
constants leading to lower state quantum yields, consistent with the low temperature FLIDs (Figures 4.1c
and 4.1d) where silane-coated quantum dots are more likely to recombine via Auger-Meitner
recombination. And second, silane-coated quantum dots have a larger trapping rate constant (k;), suggesting
that silane-coated quantum dots also have a larger population of trions due to a more efficient trapping
process.
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Table 4.1. Recombination rates and quantum yields for exciton (X), trion (X=+) and biexciton (XX) states
extracted from fluence dependent PLQY measurements.

Exciton (X) Trion (X*) Biexciton (XX)
kr,X knr,X kr,X:!: knr,X:!: kr,XX knr,XX kt
(ns-l) (ns-l) QYX (ns-l) (ns-l) QYXi (ns-l) (ns-l) QYXX (ns-l) Pt,XX

PEA | 19 | 0.06 28 | 0.12 65 | 046 27

CsCi | +02 | <001| 997 | 203 |2002| 9% | 207 |+005| 998 | £03 | 028
. 19 | 011 29 | 081 67 | 3.0 76

Silane | o5 1 Lo01 ] %% | 204 |x007] %78 | 108 | 204 | 930 | 108 | O

Having shown that silane-coated quantum dots have a steeper PLQY roll-off primarily due to
increased Auger-Meitner recombination, we look to further assess the relative probability of forming a trion
in both of our samples. To do this we look for the signature of trion emission in our single quantum dot
photoluminescence spectra. At 4K single quantum dots are expected to have five spectral contributions —
the zero-phonon line (ZPL), trion emission, biexciton emission and two longitudinal optical (LO) phonons.
The other spectral contributors are expected to be red-shifted from the ZPL, although emission energy and
intensity are size-dependent. The emission contributions of the LO phonons are size-independent and occur
at -4.9 and -19.5 meV,°*¢! while the trion and biexciton emission contributions are size-dependent.3%-60:62
For FAPbBr; quantum dots with an edge-length between 5.5 and 6.5 nm, the trion and biexciton emission
peaks are expected to be between -30 and -20 meV and -50 and -40 meV respectively.*

Since our samples exhibit significant spectral variations in time, we chose to correct our spectra
according to Gumbsheimer et al.®* in order to better resolve the emission structure. After correcting our
spectra, we integrate across the collection time and look for the signatures of trion and biexciton emission.
Figure 4.5¢ shows representative corrected and integrated single quantum dot photoluminescence spectrum
for both samples.

Qualitatively, the spectra for silane-coated and PEACsCi»-passivated quantum dots show one major
difference: silane-coated quantum dots have a pronounced shoulder around -20 meV. This is exactly the
range of emission which should correspond to trion emission in approximately 6 nm FAPbBr; quantum
dots.%® This peak is likely broadened due to overlap with the LO phonon mode at -19.6 meV, leading to a
broader flat shoulder instead of a distinct peak. Both samples have minimal emission in the range of
biexciton emission (-50 to -40 meV) which is consistent with our measured in g(t = 0) values (Figure
4.3b). The dashed lines in Figure 4.5¢ show fits to the spectra using a five Gaussian model which considers
emissive contributions from the zero phonon line, the two LO phonons and trion and biexciton emission.
Figure C17 shows the details of this fitting for the representative spectra shown in Figure 4.5c and Figure
C18 shows the distribution of emission by state extracted from this fitting for all of our quantum dots. On
average we find that the PEACsCz-passivated quantum dots have emission split 80/16/4 between the
exciton, trion and biexciton respectively, while silane-coated quantum dots have emission split 72/22/6
between the exciton, trion and biexciton.
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Using the results of these fittings we can estimate the relative population of each state by correcting
for quantum yields, trapping and fluence-dependent emission intensity trends according to Equation 4.2a:

I, = N,1rQy, (4.2a)
Neff,n =(1- Pt,n)Nn (4.2b)

Where I, is the measured emission intensity of a given state, N, is the population of a given state, L.« is the
excitation intensity, . describes the fluence-dependent emission intensity trend of a given state and QY is
the quantum yield of a given state. For states which have an additional trapping pathway (biexciton) we
further calculate the population that is not trapped (Netr,n) based on the probability of trapping (P.,) using
Equation 4.2b. Using the experimental state quantum yields and trapping probabilities calculated from our
fluence dependent PLQY model (Table 4.1) and literature fluence-dependent emission intensity trends®*¢
we calculate the probability of occupying each state, which is shown in Table 4.2. We find that, under our
measurement conditions, the trion state of silane-coated quantum dots is twice as likely to be occupied as
its PEACsCi»-passivated counterpart.

Table 4.2. Relative population of exciton, trion and biexciton states determined from single quantum dot
photoluminescence spectra

PEACsCia Silane
Exciton 0.92+0.08 0.82+0.03
Trion 0.08 £0.04 0.16 £ 0.02
Biexciton 0.01 £0.01 0.02 +0.01
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Figure 4.5. Evidence for increased trion formation in silane-coated quantum dots at 4K. a) Photophysical model
for the formation and recombination of excitons, trions and biexcitons in quantum dots b) Fluence dependent PLQY
measurements for quantum dot thin films. Dashed lines are the fit to Equation 4.1, see Table 4.1 for fit parameters.
Silane-coated quantum dots see an early roll off due to higher order non-radiative recombination. ¢) Representative
long integration time single quantum dot photoluminescence spectra aggregated from spectral diffusion corrected
short integration time spectra (solid lines). Dashed lines are the fit to Equation C10. Silane-coated quantum dots show
more emission from the trion (X*) states.

Together, the observed fluence dependent PLQY trends, single quantum dot photoluminescence
spectra and FLIDs paint a self-consistent picture where silane-coated quantum dots perform worse at 4K
due to trion formation. We find that the trion state in silane-coated quantum dots has a lower quantum yield
and higher population at high fluence than the trion state in its PEACgC ,-passivated counterpart. This
combination of factors means that silane-coated quantum dots have significantly more Auger-Meitner non-
radiative recombination under intense fluence at low T and increases the amount of time the quantum dot

spends charged.

We hypothesize what could be two likely causes of long-lived traps and surface charging at 4K
with our silane-coated quantum dots: head group variations and tail group variations. AEAPTES, our silane
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passivation, is a diamine— meaning that it has two amines which could act as head groups. To displace the
as-synthesized oleylammonium passivation, it is likely that one of AEAPTES’ amines becomes an
ammonium during the ligand exchange providing strong passivation for A-site vacancies in the perovskite
lattice. However, X-site vacancies can only be passivated by the remaining amine or residual oleate. Both
oleates and amines are considered weak passivants and their usage for X-site passivation in these quantum
dots may result in an additional source of traps with a higher occupation probability at 4K. In contrast
PEACsCi2 is a zwitterionic ligand and as such can passivate both A- and X-site vacancies well. The
effectiveness of using solely cationic or dicationic ligands for single quantum dot applications is still being
debated, with both good'®®* and bad*? performances reported, but we consider this difference in head groups
to be a potential source of the worse performance of our silane-coated quantum dots at 4K.

We propose that a second potential cause of long-lived traps and surface charging at 4K for our
silane-coated quantum dots could be the silane tail. Silane layers, and their associated silanols and siloxanes
are often considered a poor optoelectronic material due to deep carrier traps ©¢7 and have proved largely
ineffective in organic LEDs. Additionally, the blinking dynamics of silica-shelled CdSe/CdS quantum dots
show evidence for the formation of a large number of trion, biexciton and other higher-order charged states
at room temperature thanks to traps at the CdS-silica interface.”* While AEAPTES does not directly create
a perovskite-silane interface®’® for a similar trapping mechanism to silica-shelled CdSe/CdS quantum dots,
the silane tail is plausibly within tunneling distance of the quantum dot surface which would allow for
trapping within the silane tail, consistent with the larger trapping rate constant for silane-coated quantum

dots.

4.4 Conclusion

Here we have explored the performance of silane-coated FAPbBr; quantum dots as single photon
emitters. We find that at room temperature silane coating performs as well as passivation from the literature-
best ligand PEACsC,. Both passivation methods have narrow linewidths (~71 meV), low g@(t = 0) values
(> 36% below 0.1) and a comparable ON% (50%). We also find that at room temperature silane-coated
quantum dots are more photostable than their PEACgC,-passivated counterparts. However, at 4K we find
that silane-coated quantum dots perform worse than their PEACsCi»-passivated counter parts with broader
linewidths, higher g®(t = 0) values and a lower ON%.

From FLIDs acquired at 4K we observe that silane-coated quantum dots tend toward Auger-
Meitner dominated non-radiative recombination. This result suggests that silane-coated quantum dots form
more trions and other higher order excitonic states such as biexcitons under high fluences at low
temperature. This result is further supported by single particle spectra and fluence dependent PLQY
measurements which indicate that the silane-coated quantum dots are two times more likely to form trions
than the PEACgC-passivated quantum dots. We suggest that this increased trion formation, and the
subsequent prevalence of surface charging, is the cause of the photodegradation we observe at 4K.

Although, our silane coating performs worse than PEACsC, passivation at 4K — its excellent
performance at room temperature indicates that passivation using similar motifs are worth further
exploration. One consideration is an aminoalkyl triethoxysilane with a longer alkyl chain which could
prevent surface charges from tunneling to the silane tail or changing the amine/ammonium head group to a
zwitterionic head group to provide better X-site passivation. Alternatively, we may be able to keep the
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benefits of passivation using a cross-linked ligand and remove the 4K trapping mechanism by choosing a
ligand with a different cross-linking moiety, such as a thiol, which is less likely to have a large trap density.
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Appendix A: Supporting Information for Ligand Equilibrium Influences
Photoluminescence Blinking in CsPbBr;: A Change Point Analysis of
Widefield Imaging Data

Shaun Gallagher, Jessica Kline, Farzaneh Jahanbakhshi, James C. Sadighian, lan Lyons, Gillian Shen,
Benjamin F. Hammel, Sadegh Yazdi, Gordana Dukovic, Andrew M. Rappe, and David S. Ginger

This appendix is adapted from: ACS Nano 2024, 18, 19208—19219.
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Methods
Chemicals

Cesium carbonate (Cs>CO3, 99.9% metals basis), octadecene (ODE, 90%), oleic acid (OA, >
99%), oleylamine (OAm, 70%), diisooctylphosphinic acid (DOPA, 90%), trioctylphosphine oxide
(TOPO, 99%), hexanes (anhydrous 95%), hexanes (> 95%), polystyrene (PS, MW 280,000), toluene
(anhydrous 99.8%), octane (anhydrous > 99%), acetone (90%), isopropyl alcohol (IPA, 90%) and
acetonitrile (ACN, anhydrous 99.8%) were purchased from Millipore Sigma. Lecithin (90%) and lead (II)
bromide (PbBr,, 99.998% metals basis) were purchased from Alfa Aesar. ODE and OAm were degassed
by freeze-pump-thaw method and stored in a glovebox at 0°C. Cs,COj3; was dried in a vacuum oven at
120°C for 8 hours and stored in a glovebox. All other chemicals were used as received.

Synthesis of oleic acid/oleylamine-capped CsPbBrs QDs

Oleic acid/oleylamine-capped CsPbBr; were synthesized according to Protesescu et al' and
washed with ACN according to Zhang et al.> After washing, the resulting QDs were dissolved in 2 mL
anhydrous hexanes, filtered through a 0.45 um PTFE filter and stored at 0°C in a glovebox.

Synthesis of Lecithin-Capped CsPbBrs QDs

The precursor solutions for lecithin-capped CsPbBr; were prepared according to Akkerman et al.’
The QDs were synthesized under ambient conditions in 6 mL hexanes with 160 pL of 0.04 M PbBr»-
TOPO, 320 pL of 0.2 M TOPO, 80 pL of 0.02 M Cs-DOPA. After 30 minutes of stirring at room
temperature 80 pL of 0.13 M lecithin was added to the reaction. The QDs were subsequently washed by
adding acetone in a 3:1 v:v ratio and centrifuged at 10,000 rpm for 5 minutes. The supernatant was
discarded, and the precipitate was dissolved in 2 mL anhydrous hexanes, filtered through a 0.45 pym PTFE
filter and stored at 0°C in a glovebox.

Ensemble Characterization

Absorbance spectra of the QD solutions were performed using a Perkin-Elmer Lambda 950
UV/Vis/NIR Spectrometer with a range of 400-700 nm with an integration time of 0.5 s.

Steady-state photoluminescence spectra were acquired using Perkin-Elmer Fluorescence
Spectrometer LS 55. Spectra were collected using an excitation wavelength of 405 nm. The emission
bandwidth was kept at 3 nm and dwell time at 0.2 s.

Time resolved photoluminescence measurements at 405 nm excitation were acquired using a
commercial PicoQuant FluorTime 100 system with LDH-405 laser diode, a 405 nm picosecond pulsed
diode laser. The repetition rate is controlled by an external trigger input from a PicoHarp PDL 800-B laser
driver and was set to 5 MHz. A photomultiplier tube (PMT) detector was used in TCSPC mode with an
instrumental response function (IRF) of approximately 400 ps. The instrument response function (IRF)
was measured via laser scatter from a solution of colloidal silica (LUDOX). Concentration dependent
photoluminescence was collected on the same instrument with a laser repetition rate of 50 MHz. TRPL
lifetime analysis was performed using a custom Python IRF-reconvolution package. Lifetimes were fit
using a stretch exponential decay (Equation A1).*

I(t) = Aexp (— i)ﬁ +C (A1)
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Where 4 is the pre-exponential factor, 7 is the lifetime of the decay, C is the background of the
measurement and /4 is the distribution of decay rates. 7, the average lifetime of a stretch exponential, is
calculated according to Equation A2 where I is the gamma function.*

Tor = 2T (5) (A2)

The series of QD solutions prepared for TRPL and concentration dependent TRPL are described in Table
AS.

Photoluminescence quantum yield measurements (PLQY) were performed on a commercial
integrating sphere system (Hamamatsu Photonics K.K). PLQY values are determined using a white light
source (Hamamatsu Mercury Xenon Lamp) and a monochromator for wavelength selection (405 nm) as
the excitation source to illuminate the samples in an integrating sphere (Hamamatsu Photonics K.K). The
optical density of samples was kept below 0.1 at the excitation wavelength to minimize reabsorption
effects. Spectral correction was performed using a calibrated white light source (Ocean Insight HL-3P-
INT-CAL) to correct for the responsivity of the detector. PLQY was calculated using the following
formula:

PLQY — Iem, sample™ Iem, blank * 100 (A3)
Iex, blank™ Iex, sample
Where Lem sampie and Lem piank are the integrated area under the curve in the emission region (450-600 nm) of
the sample and the neat hexane blank, respectively. The le.sampre and Lex piank are the integrated area under
the curve in the excitation region (395-415 nm) of the sample and the neat hexane blank respectively.

Widefield Microscopy Sample Preparation

Low fluorescence glass coverslips (VistaVision #1.5 22x22 mm, VWR) were cleaned through a
sequential sonication of 10 minutes in soap solution, de-ionized water (x2), acetone and IPA. Each side of
the coverslips were ozone cleaned for 23 minutes before spin coating.

Low concentration QD solutions were prepared in 5 wt% PS in toluene via serial dilutions. For oleic
acid/oleylamine-capped QDs 2 pL of stock QD solution were added to 2 mL of PS-toluene (solution Agieic
acidloleylamine). 200 PL of solution Aoeic acidioleylamine Were added to 2 mL of PS-toluene (solution Boieic
acidloleylamine). FOr lecithin-capped QDs 1 pL of stock QD solution were added to 2 mL of PS-toluene
(solution Aiec). 100 pL of solution Aj.. were added to 2 mL of PS-toluene (solution Biec). 100 pL of
solution Bi.c were added to 2 mL of PS-toluene (solution Cic.). Single QDs films were prepared via spin
coating solution Boiic acid/oleytamine (60 pL) or solution Ciec (60 puL) onto the cleaned coverslips at 2,000 rpm
for 40 seconds. The films were stored in a glovebox until measurement.

Widefield Microscopy

Widefield microscopy measurements were performed on a Nikon TE2000 inverted optical
microscope using a CFI Super Fluor 40x Oil immersion objective (NA = 1.3), with Olympus F immersion
oil. The illumination source was a 415 nm LED (SOLIS-415C, Thor Labs) at a power density of 9
mW/cm?. The following filters were used for the measurement: ET510/80m (Chroma), FF01-424/SP-25
(Semrock) and ZT442rdc (Chroma) mounted in Chroma Laser TIRF for Nikon TE2000/T filter cube.
Videos of the sample photoluminescence in time were collected on a Prime 95B (Photometrics) camera
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for 6 minutes and 40 seconds (8000 total images) with an integration time of 50 ms per image. Individual
QD blinking traces were extracted from the videos using a custom-built Python package for selecting
bright objects from a dark background.’ Briefly, individual quantum dots were selected using the
Laplacian of Gaussian method to automatically identify bright single particles from the mean image. The
image coordinates of these identified particles were used to extract the relevant single particle time traces
from the image sequence for further analysis. The efficacy of particle identification was assessed by
constricting the microscope field of view to rule out false positive selections (Figure A21).

Analysis of Blinking Traces Using Change Point Analysis

We used a version of Change Point Analysis (CPA) adapted for a Gaussian-distributed time
series. Our home-built Python CPA package is based on the equations published by Yang et al.® A more
detailed explanation of our CPA package can be found under the heading “Change Point Analysis to
Blinking Statistics”— including a confusion matrix quantifying the performance of our CPA package on
synthetically generated blinking data (Figure A22) and a detailed breakdown of how we extract our main
blinking statistics from CPA fit traces. Our particle selection and CPA code is publicly available at:
https://github.com/GingerLabUW/Widefield-CPA.

Computational Methods

To investigate the passivation of different types of adjacent and non-adjacent vacancies,
nonstoichiometric Cs-terminated slabs with a vacuum of ~15 A were constructed from 2x1, 1x2, and 2x2
replications (corresponding to vacancy-pair types i-ii, iii and iv, respectively) of the PBE-relaxed
conventional lattice of orthorhombic CsPbBr; (8.19 A, 8.54 A, 11.99 A), shown in Figure 2.5a. DFT
calculations were performed using the Quantum Espresso suite of codes, ° whereby energetically
minimized atomic structures were obtained using the Perdew—Burke-Ernzerhof (PBE) formulation.’
Ultrasoft pseudopotentials were used to describe the interaction between the valence electrons and the ionic
cores. Kohn—Sham orbitals were expanded in a plane wave basis set with a kinetic-energy cutoff of 60 Ry
and a density cutoff of 420 Ry. Van der Waals interactions were considered by applying the empirical D3
dispersion correction scheme of Grimme.® Band gaps and partial density of states were calculated with
PBE’, including spin-orbit coupling (SOC) effect,’ that is known to strongly influence the position of band
edges in lead-containing halide perovskites. Although PBE+SOC is not expected to reproduce the
experimental gap of this material, we applied SOC to ensure that the band edges and the trap states near
them were captured properly. An explicit solvent model was employed to simulate solvation effects,
providing a more realistic representation that, unlike implicit models, includes direct and specific
interactions between the solvent and solute. A detailed explanation of these calculations can be found in
the supporting information.

Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM)

TEM was performed with a FEI Tecnai G2 20 S-Twin operated at 200kV. Aberration-corrected
STEM was performed with a Thermo Fisher Scientific Titan Themis operated at 300kV. Samples were
prepared by drop-casting solutions of CsPbBr3 QDs onto ultrathin carbon film TEM grids (Ted Pella,
Prod # 01824, ultrathin carbon film on lacey carbon support film, 400 mesh, Cu). To minimize air
exposure, grid prep was performed in a glovebox with an argon atmosphere. After drop-casting, the grids
were dried under vacuum in the glovebox antechamber for roughly 30 min, before being transferred back
into the glovebox, sealed in an air-tight container, and transported to the microscopy facility.
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Figu re A1: TEM images of a) OA/OAm-capped quantum dots showing a cubic crystal habit and b) lecithin-
capped quantum dots showing a spherical crystal habit

oleic acid/oleylamine lecithin
a [100]

Figure A2: HAADF-STEM images of CsPbBr; capped with a) OA/OAM and b-d) lecithin ligands. The
cuboidal morphology of the OA/OAM-capped QDs leads to preferential orientation down the [100] direction. At
high resolution the rhombicuboctahedral morphology of the “spherical” lecithin-capped QDs allows for

orientation down the b) [100], ¢) [110], and d) [111] directions.

w0 wn
a ¢ £
B 2
5 150 & 150
t , ‘ | ‘ . , | €
5 AU (oA N I A i i o AR B 5
|8} 100 L L L L | L L (9] 100 L
0 50 100 150 200 250 300 350 400 0 200 400
time (s) time (s)
n )]
b £ E
=] =]
2150 2150
Lo Lo
[= c
= 3
o Y ) W S il ) =)
V100 L L L L L Y00 .
0 50 100 150 200 250 300 350 400 0 200 400
time (s) time (s)

Figure A3: Example blinking traces for OA/OAm-QDs Randomly selected from the sample size showing the
CPA identified intensity trajectories. Both traces have been fit to two average intensity-levels (pink and green).
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Table A1: Ensemble characteristics of different lecithin synthetic batches. Each of these five batches was
used in this study.

Absorption Band PL Maximum PL Linewidth PLQY (%)
Edge (nm) (nm) (nm)
LEC1 503 505 19 97
LEC?2 505 508 19 97
LEC3 505 507 17 98
LEC4 507 509 16 94
LECS5 507 508 18 93
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Figure A4: Ensemble characteristics of different lecithin synthetic batches a) absorption spectra of the five
lecithin synthetic batches used in this study b) PL of five lecithin synthetic batches used in this study
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Figu re A5: Comparisons of blinking behavior lecithin synthetic batches across our four major blinking
metrics. These statistics are comprised of 188, 553, 374, 340 and 227 QDs for batches 1-5 respectively a) number of
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intensity levels fit to each blinking trace by CPA. The average CPA levels are 2.0 £ 0.3,2.1 £ 0.6,2.2 £ 0.6, 1.9+
0.5 and 1.9 + 0.4 for batches 1-5 respectively b) percent of the trace duration that each QD spends ON. The average
ON percentages are 66 = 17%, 77 +20%, 53 +24%, 56 + 23% and 64 + 22% for batches 1-5 respectively ¢) non-
blinking fraction of QDs in each batch, 0.053, 0.22, 0.059, 0.19 and 0.13 for batches 1-5 respectively and d) the
weighted ratio of expected time spent ON to expected time spent OFF
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Figu re A6: Comparison of blinking behavior between lecithin synthetic batches across four additional
metrics a) distribution of intensities in the blinking traces according to the camera b) distribution of intensities in the
blinking traces according to the CPA fits ¢) distribution of the expected ON times from power-law dynamics and d)
distribution of the expected OFF times from power-law dynamics.
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Figu re A7: Comparisons of blinking behavior between additional OA/OAm and lecithin synthetic batches
across our four major blinking metrics. These data were obtained at an integration time of 200 ms using a 100x NA
0.95 objective. These statistics are comprised of 716 OA/OAm QDs and 543 lecithin QDs. a) number of intensity
levels fit to each blinking trace by CPA. The average CPA levels are 1.8 + 0.8 and 1.4 + 0.5 for OA/OAm and
lecithin respectively b) percent of the trace duration that each QD spends ON. The average ON percentages are 44 +
28% and 87 + 13% for OA/OAm and lecithin respectively ¢) non-blinking fraction of QDs in each batch, 0.38 and
0.73 for OA/OAm and lecithin respectively and d) the weighted ratio of time spent ON to time spent OFF
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Figu re A9: TRPL stretch-exponential fits for lecithin QDs as a function of concentration (see Table Al) a)

solution 1: 7, = 4.43 ns, = 0.78, R = 0.994 b) solution 2: 7, = 4.71 ns, = 0.87, R> = 0.998 ¢) solution 3: 7y, =
4.52ns, f=0.74,R?>=0.985 d) solution 4: 7, = 4.90 ns, S = 0.78, R = 0.960 and e) solution 9: 7, = 4.50 ns, =

0.76, R? = 0.982
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Figu re A10: TRPL stretch-exponential fits for OA/OAm QDs as a function of concentration (see Table

Al) a) solution 1: 7y = 4.95 ns, = 0.78, R> = 0.998 b) solution 2: 7y, = 4.08 ns, S = 0.67, R?> = 0.985 ¢) solution 3:
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Figure A11: Comparison of stretch exponential beta-factors for concentration dependent lifetime data for a)
OA/OAm- and b) lecithin- capped QDs. Beta-factors are taken from the lifetime fits shown in Figures A8 and A9

respectively.
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Figure A12: PLQY vs dilution factor for OA/OAm- and lecithin- capped QD solutions at concentrations
measurable in an integrating sphere PLQY system.
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Figure A13: PL linearity for additional QD sizes. a) 6 nm (FWHM = 25 nm, PLQY = 90%) and 13 nm (FWHM =
22 nm, PLQY = 75%) OA/OAm-capped QDs b) 4 nm (FWHM = 30 nm, PLQY =95%) and 13 nm (FWHM = 20
nm, PLQY = 98%) lecithin-capped QDs
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Figure A15: Evidence of etching with excess ligand addition a) PLQY vs. lecithin addition for low surface quality
CsPbBr3 QDs (starting PLQY 52%). b) Blue shift of PL peak position with surface etching in the presence of excess
ligand.
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Figure A16: PL increase resulting from the addition of excess ligand to a widefield PL concentration solution of
OA/OAm-CsPbBr; QDs comparing the addition of neat OAm to neat OA and a 1:1 (v:v) mixture of OA and OAm
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Figure A17: Widefield PL images of a) OA/OAm QDs and b) lecithin QDs. The sample solutions were prepared
identically via serial dilution from stock solutions of the same optical density. The images correspond to samples
made from solutions Boa/oam and Biec respectively.

Computational Details

77



100 T T T T T rT— T T T T T T m —1 [ T T T T T b —
Br —

Pristine (?sr — Br vacancy gsr — Cs vacancy Cs

80

60

Near-gap state from Br Near-gap state from Cs

vacancy

DOs

40

20 +

N—.
4 3 2 414 0 1 2 3 4 4 3 2 1 0 1 2 3 4 4 3 -2 4 0 1 2 3 4

Energy (eV)

Figure A18: Density of states (DOS) of Cs-terminated slabs of CsPbBr3. Calculations were performed at the PBE
level with spin orbit coupling (SOC) effects on top of PBE-relaxed structures of the pristine slab (a) as well as slabs
containing veg; (b) and v'cs (¢). Near gap states due to the presence of veBr and v'Cs are observed and marked with

rectangles in the insets of panels b and c.
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Figure A19: Simplified/truncated forms of the bidentate ligand and monodentate ligand pair used for
computational purposes. Truncated lecithin (a), methylamine and propionic acid (b).

Table A2: Calculated binding energies (eV), including solvent effects, corresponding to the single (OAm or OA)
and binary monodentate (OAm/OA) ligands passivating the pristine surface. OAm and OA correspond to oleylamine
and oleic acid binding the OA/OAm-passivated pristine slab, while OAm* and OA* represent oleylamine and oleic
acid binding the OA/OAm™*-passivated defective surface.

Passivating ligand(s) OA/OAm OAm OA OAm* OA*
Solvated Binding Energy (eV) -0.42 -0.17 -0.65 -0.25 -0.67

Table A3: Calculated binding energies (eV) corresponding to the binary monodentate (OAm*/OA-) and the
bidentate ligand (lecithin) passivating different types of surface vacancy pairs (shown in Main Text Figure 2.5d)

Vacancy type Type i Type ii Type iii Type iv
OAm'/OA" -1.95 -1.88 -1.91 -2.07
Lecithin -3.22 -3.17 -2.96 -2.40

Reaction Mechanism and Binding Energy (BE) Calculation
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lecithin + * —* —lecithin (a)
(0OAm* — 0A™) + * > (* —0Am* — 0A") (b) (A4)
BE = E(1ig) — Fig — E. (c)

To compare energetics of lecithin and (OAm™-OA") binding the QD surface, we considered comparable
binding mechanisms (Equations A4a and A4b) whereby comparatively to the zwitterionic ligand, the
monodentate ligand pair (OAm*-OA") binds the quantum dot surface (* in Equation A4) as a complex. The
corresponding binding energies can therefore be calculated per Equation Adc, where E, and E(._j;g) are
DFT energies of the bare and ligand-passivated slabs and Ej;g represents the energy of either lecithin or the
(OAmM™OA") complex.

Solvation Effects on Ligand Binding the QD Surfaces

In principle, the rate of reactions can be controlled by the solvent’s polarity, and therefore its dielectric
constant, as well as its acceptor (AN) or donor number (DN). To account for the effect of ACN and acetone
which are both polar aprotic solvents and used in the washing process of our synthesized QDs, we employed
an explicit solvent model.

x*solv _ x*solv
Esolvn - E(*—ligand) - E(*—ligand) - X. Esolv (AS)

BE |solv = BE + (Esolvn)(*—lig) - (Esolvn)lig - (Esolvn)* (A6)

We used periodic solvated slab models including a layer of liquid solvents on top of the slabs that were
used for binding energy calculations. We first attained the number of solvent molecules required to

sufficiently solvate the ligands as well as bare and passivated slabs, by gradually adding solvent molecules

xxsolv

(x) to the system and calculating the solvation energy (Egqivn ) per Equation AS5. In this equation,

x. Egoly, represents the energy of x solvent molecules in liquid phase, and E,_jjgana) and E(*_ligand)x*sow

are total energies of the passivated slab without solvent and containing x solvent molecules, respectively.
As a representative, the onset of the plateau in Figures A13b and A13c shows the minimum number of
solvent molecules required to sufficiently solvate the (OAm*-OA")-passivated and lecithin-passivated slabs
of CsPbBr3;. Accordingly, we used 10 and 20 solvents for the adjacent and non-adjacent (twice as large unit
cell) vacancy cases, respectively. Finally, to obtain the net effect of solvation on the binding energy, we
calculated the solvation energy for the ligand (E_ | )iig, clean slab (E_ ). and the ligand-passivated slab

(Esolvn)(*_lig)’ and computed the binding energy in the presence of solvents (BE | ) by applying the
obtained net solvation energy to the BE, per Equation A®6.

Binding Energy Calculation of Mono-ligand Passivated Single-vacancy Surfaces

In addition to vacancy pairs, we studied Br-rich and OAm"-rich conditions where the single vacancy
surface is passivated by a monodentate ligand. We calculated the BE of OAm" passivating CsPbBr3 by
gradually pulling the ligand off the surface and obtained the corresponding energy vs. distance plot (Figure
Al13a). Eq is the energy required to pull the ligand off the surface by a distance of d (A), marked on the x-
axis, d = 0 (A) refers to the ligand binding the surface, and d = -1 (A) corresponds to the ligand filling the
vacant site. It can be seen that OAm" strongly binds the surface (BE = -4.1 eV) which can primarily be
attributed to the size of the ligand and therefore, the capability of the ammonium moiety to access and
occupy the vacant site (V'cs).
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Figure A20: Binding Energy as a function of solvation and distance (a) Binding energy calculation of the
OAm"-passivated slab containing a single Cs vacancy (V'cs). Eq is the energy required to pull the ligand off the
surface by d (A) (shown on the x-axis), d = 0 (A) refers to the ligand binding the surface, and d = -1 (A) corresponds
to the ligand filling the vacant site. (b) Solvation energies versus the number of solvent molecules, calculated per
Equation A6, for (OAm*-OA")-passivated and (c¢) lecithin-passivated slabs of CsPbBr; are shown. Solid blue lines
indicate the solvation energies at the onset of the plateau corresponding to the number of solvent molecules
sufficient to solvate the passivated slabs.

Experimental Equilibrium Constants and Binding Energies

To better understand the calculated binding energies in the context of the system — we compute the ligand
binding equilibrium constant from both the DFT binding energies (Main Text Figure 2.5d) and the
experimental PL dilution results (Main Text Figure 2.4c).

The ligand binding equilibrium constant from DFT was calculated with Equation A7:
AG® = —RTIn(Kigana) (A7)

where AG® is the binding energy in J/mol, R is the gas constant (8.314 J mol™! K!), T is the temperature and
Kiigana 1s the ligand binding equilibrium constant.

The experimental ligand binding equilibrium constant was calculated through a series of steps. First to
determine the ligand and nanocrystal solutions we dried 2 mL of a 290 nM solution of the OA/OAm-capped
QDs in a centrifuge tube of known weight and measured the total QD and ligand mass to be 3 + 1 mg. The
total mass contribution from the OA/OAm-capped QDs was calculated to be 1 mg so the maximum ligand
contribution was 2 mg. The dry mass of 2 mL of a 140 nM solution of lecithin-capped QDs was measured
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to be 2 £ 1 mg. The total mass contribution from the lecithin-capped QDs was calculated to be 0.3 mg so
the maximum ligand contribution was 1.7 mg.

Assuming 100 binding sites per QD and that the QDs start as completely bound, the initial concentrations
at the drop-off point (solution 6, 0.04 nM) were calculated to be [OA/OAm-QD] = 3.6E-11 M, [free
OA/OAm] = 1.9E-7 M, [lecithin-QD] = 3.6E-11 M and [free lecithin] = 1.3E-7 M.

Based on Figure 2.4c the OA/OAm the integrated PL intensity at 0.04 nM is ~7 times lower than expected,
meaning that at equilibrium only 15% of the QDs are still bound by ligand and emissive. For lecithin the
PL intensity is nearly linear and an estimated 99% of the QDs are still bound by ligand and emissive. From
these numbers Kjiqqns can be calculated using Equation A8:

— f emissive [QD-ligand]
Kligand - (1—f emssive) [QD-ligand][free ligand] (AS)

Where femissive 18 the fraction of quantum dots which are still bound and emissive, [QD-ligand] is the
starting concentration of fully bound QDs in solution 6 and [free-ligand] is the starting concentration of
free ligand in solution 6.

Table A4: Ligand binding equilibrium constant Kjizang for solvated OA/OAm and lecithin QDs computed from
DFT and experimental results

Kligand

DFT 0A4/04Am_| 3.7 E4
lecithin 1.3 E34
Experimental | 04/0OAm | 9.1 £ 0.3 ES
lecithin 7.4+0.6 E8

Using Equation A8 the experimental binding energy of OA/OAm to CsPbBrs is -0.34 eV. For lecithin the
experimental binding energy is -0.50 eV. The observed discrepancy between our theoretical and
experimental binding energies for lecithin can likely be attributed to our decision to use a truncated version
of the molecule for computational feasibility. We anticipate that the solvent effects would have been more
pronounced, aligning the calculated binding energies more closely with experimental values, had the full
molecular structure been incorporated in our analysis.
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Table A5: Serial dilutions resulting in QD solutions used for concentration dependent PL. Solutions used for
TRPL are indicated with a star.

Volume of Concentration Volume of Concentration Vol:;me Dilution
OA/OAm QD of OA/OAm lecithin QDs of lecithin QDs Hexanes | Factor
Solution QDs (mg/mL) (mg/mL) (mL)
Solution 1
(Ensemble PLQY | 00 HL of 33El 200 pL of 6.3E-1 4 I
Concentration)* stock solution stock solution
Solution 2* 20 pL of stock 6.6E0 40 pL of stock 1.3E-1 4 2E-1
solution solution
Solution 3+ | 10 KL of stock 3.3E0 20 pL of stock 6.3E-2 4 1E-1
solution solution
Solution 4* 2 uL of stock 6.6E-1 4 pL of stock 1.3E-2 4 2E-2
solution solution
Solution 5 I'uL of stock 3.3E-1 2 L of stock 6.3E-3 4 1E-2
solution solution
Solution 6 200 pL of 1.7E-1 200 pL of 3.2E-3 4 5E-3
solution 3 solution 3
Solution 7 133 L of 1.1E-1 133 UL of 2.1E-3 4 3.3E-3
solution 3 solution 3
Solution 8 100 pL of 8 3E-2 100 pL of 1.6E-3 4 2.5E-3
solution 3 solution 3
Solution 9
(Microscopy 400 L. of 6.6E-2 400 L of 1.3E-3 4 2E-3
Concentration)* solution 4 solution 4
Solution 10 333 pL of 5.5E-2 333 pL of 1.1E-3 4 1.7E-3
solution 4 solution 4
b c 150
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Figure A21: Particle Picking Constraints a) quantum dot sample illuminated with the field-stop (white octagon)
partially closed to demonstrate the quality of particle selection. b) quantum dot sample illuminated with the field-
stop (white octagon) partially closed and selected particles circled in red to demonstrate the quality of particle
selection. The particle selection algorithm accounts for particle brightness, size and nearest neighbor distance. ¢)
[llumination homogeneity of the LED across the objective flat field of view. Y -axis limits represent £20% of the
mean illumination intensity.
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Figure A22: Confusion matrix quantifying the performance of our custom CPA package. Confusion matrix
was generated by creating synthetic blinking traces with a power law exponent of o, = 1.5, a time step size of 50 ms
and n states evenly spaced between 100 and 140 counts/50 ms. 100 synthetic traces!' were generated for each 7 in
the range of 1 to 7 (the true number of states). The synthetic traces were analyzed using our CPA package and the
number of fit states was extracted (the number of CPA determined states). This test shows that we can reliably
resolve up to 5 intensity states in blinking traces at the experimental conditions (time step size = 50 ms and intensity
range of 100 to 140 counts/50 ms).

Change Point Analysis to Blinking Statistics

Our analysis package uses CPA to determine the number of intensity levels in each trace and which
intensity level each time point belongs to.'>!* From this information we calculate the dwell time
probability distribution for each level and fit to a power law'* (Equation A9) and a truncated power law'?
(Equation A10). The fit that yields a larger R? value is used for further analysis of the intensity level.

P(t) = Ct™® (A9)

t
P(t) = Ct~% /T (A10)
Where P(?) is the dwell time probability distribution, C is an exponential pre-factor, # is the dwell time, a
is the power law exponent and T is the cutoff time. From these fits the dwell time expectation value (t)
can be calculated according to Equations A11 (power law) or A12 (truncated power law).
+1) (thtd ths
(t> = (0(_) (ta+1 _ ta+1> (Al 1)

a+2 max~ tmin

T¢ T¢

F(a+ 1,—_t7’f;ax)— F(a+ 1%)

F(a+2,—_tmax)— F(a+2,m) ) (A12)

(t) = _Tc<
Where £ is the maximum observed dwell time, £, is the minimum observed dwell time and /" is the
upper incomplete gamma function.

For the purposes of the post-CPA analysis an ON-state is defined as the most intense CPA identified level
and all other CPA identified intensity levels are defined as OFF-states. From the above information we
can calculate our blinking statistics.
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ON % = 2% %100 (A13)

total
Ton = (t)on (Al14)
T
Torr = Xngr—7—{th (A15)
T
ToNjOFF = o (Al6)

(Ttotai=ToN)TOFF

Where Toy is the total dwell time of the ON-state, Ti.:.s is the total measurement time, # is the number of
OFF states, T, are the total dwell times of each OFF-state, tox is the expected ON event dwell time
(Figures ASc and A7c¢), torr is the weighted expected OFF event dwell time (Figures A5d and A7d) and
Tonorr 18 the weighted ON/OFF ratio (Figure 2.3d).
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Appendix B: Supporting Information for Emissive Traps Lead to Asymmetric
Photoluminescence Line Shape in Spheroidal CsPbBr; Quantum Dots

Jessica Kline, Shaun Gallagher, Benjamin F. Hammel, Reshma Mathew, Dylan M. Ladd, Robert J. E.
Westbrook, Jalen N. Pryor, Michael F. Toney, Matthew Pelton, Sadegh Yazdi, Gordana Dukovic and
David S. Ginger
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Synthesis
Chemicals

Cesium carbonate (Cs>CO3, 99.9% metals basis), diisooctylphosphinic acid (DOPA, 90%),
bis(2,4,4-trimethylpentyl)phosphinic acid (BTPA,90%), trioctylphosphine oxide (TOPO, 99%), lead (II)
acetate trihydrate (99.999% trace metals basis), octadecene (for synthesis), oleic acid (=99%),
trioctylphosphine (97%, TOP), bromine (=95%), phenethyl ammonium bromide (PEABT, > 98%), di-
dodecyldimethylammonium bromide (DDAB, 98%), N,N- dimethyloctadecylammoniopropanesulfonate
(ASCI18) , hexanes (> 95%), toluene (anhydrous 99.8%), octane (anhydrous > 99%), acetone (90%),
isopropanol (IPA, 90%), ethyl acetate (99.5%), 1-butanol (99%) and Ludox TMA (34 wt.%) were
purchased from Millipore Sigma. Lecithin (90%) and lead (II) bromide (PbBr2, 99.998% metals basis)
were purchased from Alfa Aesar. Di-dodecylpropyldiammonium dibromide (dicationic), and
dodecyloctlyphosphoethanolamine (peaC8C12) were synthesized according to previous reports.' All
chemicals were used as received.

Synthesis of Spheroidal Lecithin-Capped CsPbBr; ODs

The precursor solutions for lecithin-capped CsPbBr3; were prepared according to Akkerman et al
with modifications.’ BTPA (a conformational isomer of DOPA) was substituted for DOPA in an equimolar
quantity to the original synthesis. The QDs were synthesized under ambient conditions by combining hexanes
with aliquots of 0.04 M PbBr2-TOPO, 0.2 M TOPO and 0.02 M Cs-BTPA.

Table B1 reports the volumes used in the synthesis. After 30 minutes of stirring at room temperature an

aliquot of 0.13 M lecithin was added to the reaction. The QDs were subsequently washed by adding
acetone in a 3:1 v:v ratio and centrifuged at 10,000 rpm for 5 minutes. The supernatant was discarded,
and the precipitate was dissolved in 2 mL anhydrous toluene, filtered through a 0.45 pum PTFE filter and
stored in a glovebox.
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Figure B1: Ensemble characterization of spheroidal CsPbBr3; QDs synthesized using DOPA and BTPA

Table B1: Synthesis conditions for lecithin-capped spheroidal quantum dots
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Hexanes (mL) | PbBr,-TOPO (uL) | TOPO (uL) | Cs-BTPA (uL) | lecithin (pL)
S4 18 240 240 120 120
S5 18 480 480 240 240
S7 12 640 640 320 320
S12 0 960 0 480 480

Extension of Spheroidal Quantum Synthesis to Other Ligands

Spheroidal quantum dots with other ligands were synthesized using the same precursor solutions
as the lecithin-capped spheroidal quantum dots. The ligands were dissolved in butanol (dicationic,
ASC18), hexanes (peaC8C12) or toluene (DDAB) to form 0.13 M solutions. The ASC18 solution was
kept at 50 °C prior to use to improve solubility. 160 pL of PbBr, — TOPO, 320 uL of TOPO, and 80 pL of
Cs-BTPA were combined in 6 mL hexanes. After 30 mins of stirring 80 pL of the ligand solution was
added to the reaction. The quantum dots were subsequently washed by adding ethyl acetate (C8C12
ASCI18) or acetone (DDAB, dicationic) in a 3:1 v:v ratio and centrifuged at 10,000 rpm for 5 minutes.
The supernatant was discarded, and the precipitate was dissolved in 2 mL anhydrous toluene, filtered
through a 0.45 um PTFE filter and stored in a glovebox.

Synthesis of Cubic Lecithin-Capped CsPbBrs QDs

Cubic lecithin-capped quantum dots were prepared according to Kreig et al at 1/3 scale with an
injection temperature of 130°C.* Quantum dots were washed by adding 2 equivalents of acetone and
centrifuging at 10,000 rpm for 10 minutes. Quantum dots were redissolved in 5 mL toluene and washed
by adding 2 equivalents of acetone and centrifuging at 10,000 rpm for 1 minute. Quantum dots were
redissolved in 2.5 mL toluene and washed by adding 2 equivalents of acetone and centrifuging at 10,000
rpm for 1 minute. Quantum dots were redissolved in 1.2 mL toluene and washed by adding 2 equivalents
of acetone and centrifuging at 10,000 rpm for 1 minute. The final product was dissolved in 2 mL
anhydrous toluene, filtered through a 0.45 um PTFE filter and stored in a glovebox.

Lecithin/PEABr-capped Spheroidal ODs

PEABr was dissolved in a 1:1 ratio of [PA:toluene to make a 14 mM solution. Spheroidal
quantum dots were washed by adding acetone in a 3:1 v:v ratio and centrifuged at 10,000 rpm for 5
minutes. The quantum dots were resuspended in 2 mL toluene and washed by adding acetone in a 3:1 viv
ratio and centrifuged at 10,000 rpm for 5 minutes. The quantum dots were resuspended in 2 mL toluene
filtered through a 0.45 pm PTFE filter. QD solutions were diluted according to Table B2 and the
indicated volume of PEABTr solution was added. The dilute QD-PEABr solutions were centrifuged at
8,000 rpm for 5 mins and the supernatant was filtered through a 0.45 um PTFE filter.

Table B2: Synthesis conditions for lecithin/PEABr-capped spheroidal quantum dots

Toluene (mL) | QD Stock Solution (uL) | PEABr (uL)
S4 3 100 45
S5 3 20 40
S7 3 20 20
S12 3 50 30
Characterization
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Ensemble Characterization

Absorbance spectra of the QD solutions were performed using a Perkin-Elmer Lambda 950
UV/Vis/NIR Spectrometer in a range of 400-600 nm with an integration time of 0.5 s. Absorbance spectra
were transformed from wavelength to their Einstein B spectrum according to Equation B1.°

AE) <A/, (B1)

Steady-state photoluminescence spectra were acquired via a home-built fluorescence set up.
Dilute solutions (OD of 0.0001 at 405 nm) were excited with a 405 nm laser (CrystaLaser) and spectra
were collected on an OceanHDX (Ocean Insight). Spectral correction was performed using a calibrated
white light source (Ocean Insight HL-3P-INT-CAL) to correct for the responsivity of the detector.
Photoluminescence spectra were converted from wavelength to energy and corrected for line shape
analysis according to Equation B2.°

I(E) I(A)/stz (B2)

The skew of a photoluminescence spectrum was calculated according to the Fisher-Pearson coefficient of
skewness described in Equation B3.6

N3/2 Z(x_-f)3
N (E(x-30)2)3/2

skew = (B3)

Photoluminescence quantum yield measurements (PLQY) were performed on a commercial
integrating sphere system (Hamamatsu Photonics K.K). PLQY values are determined using a white light
source (Hamamatsu Mercury Xenon Lamp) and a monochromator for wavelength selection (405 nm) as
the excitation source to illuminate the samples in an integrating sphere (Hamamatsu Photonics K.K). The
optical density of samples was kept below 0.1 at the excitation wavelength to minimize reabsorption
effects. Spectral correction was performed using a calibrated white light source (Ocean Insight HL-3P-
INT-CAL) to correct for the responsivity of the detector.

Time resolved photoluminescence measurements at 470 nm excitation were acquired using a
commercial PicoQuant FluorTime 100 system with LDH-470 laser diode, a 470 nm picosecond pulsed
diode laser. The repetition rate is controlled by an external trigger input from a PicoHarp PDL 800-B laser
driver and was set to 1 MHz. A photomultiplier tube (PMT) detector was used in TCSPC mode with an
instrumental response function (IRF) of approximately 400 ps. The instrument response function (IRF)
was measured via laser scatter from a solution of Ludox.

Excitation Wavelength Dependent Photoluminescence and PLE

Excitation wavelength dependent photoluminescence spectra and PLE spectra were acquired
using Edinburgh FLS1000 spectrometer. The excitation source is a 450 W ozone-free Xenon arc lamp and
the detector a Si-PMT with spectral resolution from 200 to 980 nm. The excitation bandwidth was kept at
0.5 nm for all experiments and the emission bandwidth varied between 0.5 nm (all excitation wavelength
dependent photoluminescence spectra), and 3 nm (all PLE spectra) based on the experiment. All
excitation wavelength dependent spectra were corrected for reabsorption effects. Above-gap excitation
spectra were obtained by averaging three spectra collected with an integration time of 2 seconds, and sub-
gap excitation spectra were integrated for 10 seconds and averaged over 1,000 spectra.
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Streak Camera Measurements

Time-resolved photoluminescence spectra were measured using a streak camera with excitation
from an ultrafast tunable laser source. In brief, the fundamental output of a Ti:sapphire amplifier
(Coherent, Inc. Libra-HE, 4.0 mJ, 1 kHz, 50 fs) was used to pump an optical parametric amplifier
(Coherent, Inc./Light Conversion OPerA Solo) which was used to tune the laser excitation wavelength to
425 nm. Appropriate long-pass and band-pass filters were used after the OPA to ensure a clean laser
spectrum, and the beam profile was measured prior to each experiment to quantify the excitation area
(Thorlabs BC106N-UV). Excitation power was 770 nJ/cm?. Luminescence from the sample was collected
using a set of /4 lenses which focused the light into a /3.9 spectrograph (Princeton Instruments SP-2150,
entrance slit width = 200 pm) coupled to a streak camera (Hammamatsu C10910, slow-sweep unit
M10913-01). The streak camera was operated in photon-counting mode using maximum gain, and signal
levels <5% above the photon counting threshold were maintained using neutral density filters in front of
the detector to ensure single photon counting statistics. The time-resolved PL spectra were corrected for
the spectral response of the system by measuring the spectrum of a calibrated white light source (Ocean
Optics HL-3P-CAL-EXT) on the streak camera operated in focus mode. Appropriate subtraction of a dark
spectrum was accounted for when correcting the white light and time-resolved PL spectra. All spectra
were additionally corrected for reabsorption effects. The IRF of the streak camera was measured using a
solution of Ludox to scatter part of the laser excitation into the detector with the signal attenuated by
nonfluorescing neutral density filters.

Lifetime Analysis

TRPL lifetime analysis was performed using a custom Python IRF-reconvolution package.
Lifetimes were fit using a stretch exponential decay (Equation B4).”

I(t) = Aexp (— i)ﬁ +C (B4)

Where 4 is the pre-exponential factor, 7 is the lifetime of the decay, C is the background of the
measurement and f is the distribution of decay rates. 7., the average lifetime of a stretch exponential, is
calculated according to Equation B5 where T' is the gamma function.’

1

Tor = 2T (5) (BS)

Single Quantum Dot Photoluminescence

For single-particle measurements, a serial dilution of CsPbBrs is prepared in toluene within a
glove box. A 10,000x dilution is then utilized, followed by drop-casting onto a glass coverslip. The glass
coverslip is mounted on a sample holder which facilitates continuous nitrogen flow. Single-particle
fluorescence measurements were performed on a home-built single-particle microscope.® The CsPbBr; on
the glass coverslip was illuminated through a 100x oil-immersion objective with ~100 ps pulses at a
wavelength of 420 nm from a pulsed laser diode (PicoQuant LDH-D-C-420) with an average power of
3.0 mW. Fluorescence from individual nanocrystals was collected through the same objective and isolated
from reflected laser light with a 442 nm dichroic filter and two 430 nm long-pass filters. The emitted light
was directed to a grating spectrometer (Princeton Instruments Spectra Pro 5001) with a CCD detector
(Princeton Instruments Pixis 400) for measurement of fluorescence spectra. Spectra were smoothed using
a 35 point Savitsky Golay.
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Transmission Electron Microscopy (TEM) and Scanning Transmission Electron Microscopy (STEM)

TEM was performed with a FEI Tecnai G2 20 S-Twin operated at 200kV. STEM was performed
with a Thermo Fisher Scientific Titan Themis operated at 200kV. Samples were prepared as described in
Gallagher et al.” S12 PEABTt/lecithin-capped quantum dots were not centrifuged or filtered prior to drop
casting for TEM due to the low solution concentration. Image analysis was performed with ImageJ
version 1.54f, specifically with the Fiji distribution.'® Segmentation of the TEM images was conducted
using Trainable Weka Segmentation (v3.3.4).!! The area of the CsPbBr3 nanocrystals was then measured
using the “Analyze Particles” function with restrictions on the size and circularity ranges to avoid
measuring noise or aggregated particles. To find particle diameters S4, S5, S7 and S12 particles were
treated as perfect circles. To find particle edge lengths the C9 particles were treated as rectangles, with the
longest side as the edge length. TEM images were post-processed before calculating circularity as particle
picking on the images as acquired resulted in jagged edges which obscured the true shape. Images were
post-processed in ImageJ by enhancing the contrast 25%, applying a 7 pixel mean filter, and finally using
the binary “fill holes” operation. The circularity was then measured using “Analyze Particles” function
with restrictions on the size and circularity ranges to avoid measuring noise or aggregated particles.
STEM images required no post-processing prior to circularity analysis.

Small Angle X-ray Scattering (SAXS)

CsPbBr; quantum dots in toluene were sealed in quartz capillaries under inert atmosphere. SAXS
data were taken on a Xenocs XEUSS 3.0 instrument with a Cu Ka source. Scans at four sample-to-
detector distances were merged to obtain I(q) over a large g-range. A capillary of solvent was likewise
measured; scattered intensity scaled to the sample data and subtracted as background.

Fitting SAXS data was completed in SASview5 (http://www.sasview.org/) using built-in

Levenburg-Marquardt (damped least-squares) and DREAM (Markov Chain Monte Carlo) optimization
algorithms. Form factor models consisting of a single population of polydisperse spheres were tested but
did not produce quality fits (¥* < 2) regardless of diameter distribution function (Gaussian, Lognormal,
Schulz). Composite models of two polydisperse sphere populations produced quality fits to SAXS data
and the refined diameters of the primary nanocrystal population were more consistent with those expected
from UV-Vis calibration and extracted from TEM imaging. Secondary populations of smaller particles (2-
4 nm in diameter) are hypothesized to be remaining reaction intermediates as suggested in prior
works.'>!3 Composite models reported assume that the secondary particle population has the same
scattering length density as the primary population of QDs (SLDcspbar3 = 3.3 x 105 A2).

Due to the overall consistency and high quality of fits for the Schulz distribution (Equation B6) across the
models tested, we elect to analyze these distribution line shapes to allow a skewed distribution of
nanocrystal diameters and account for potential inhomogeneous broadening from an asymmetric
distribution of nanocrystal diameters that favors large particles. The bimodal Schulz fits are summarized
in Table B3 and plotted in Figure BS5.

—(z+1)d/d
1(d) = N(z+ 114/ ? % (B6a)
polydispersity = 1/&\/24-—1 (B6b)
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Figure B2: TEM and STEM images and sample morphology. a) STEM image of S4 quantum dots b) STEM
image of S5 quantum dots ¢) STEM image of S7 quantum dots d) STEM image of S12 quantum dots and ¢) TEM
image of C9 quantum dots. Inset in each panel is a high-magnification STEM image cropped to show a single
representative quantum dot. The overall morphology of the representative quantum dots is highlighted with a
colored border. f) Quantum dot circularity vs diameter for all samples which shows that smaller spheroidal quantum
dots are consistently more circular than larger spheroidal quantum dots. This is particularly apparent in the S12
sample where the 10 nm particles are 13% more circular than the 16 nm particles. This implies that the morphology
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of the spheroidal quantum dots is likely becoming more cubic with increased size. This difference in morphology
could contribute to the observed trend ensemble photoluminescence skew. Spheroidal quantum dot circularity

distributions were obtained from STEM images. Distributions for the C9 sample were obtained from TEM images.

Absorbance
© o o
o = =
on o N

o
o
S

Wavelength (nm)
550 500 450 40

C9
PL Max: 509 nm
FWHM: 23 nm i
PLQY: 57%
Asymmetry: +0.07 7

25 3.0
Energy (eV)

Figure B3: Ensemble characterization for cubic lecithin-capped quantum dots
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Figure B4: Comparison of TEM and SAXS size distributions. For each sample the TEM (bar graph) and SAXS
(light shaded region) size distributions are plotted. We find that the SAXS and TEM size distributions match well
for the spheroidal quantum dots. Mean sizes are less than 9% different for all samples. The two methods also agree
well on the width and shape of the distributions. Skew values are within 0.13 and standard deviations 0.5 nms.
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Table B3: SAXS fitting parameters for bimodal Schulz distributions.

The Schulz distribution is described in Equation B6a. The diameter column reports the mean diameter (d)
and the standard error in the mean diameter as fit. Polydispersity for a Schulz distribution is defined in
Equation B6b.

Primary Population Secondary Population
Diameter | Polydispersity Diameter | Polydispersity
2
X Scale (nm) (%) Skew | Scale (nm) (%)
1.4+ 4.58 + 0.8+
S4 | 1.55 20 0.08 14+2 0.28 12 2.1+£1.0 67 +28
09+ 513+ 0.7+
S5 1.84 0.9 0.04 11+1 0.22 0.7 34+02 40+4
1.1+ 7.53 £ 0.03 £ 4.09 +
S7 | 1.89 0.7 0.01 11.5+£0.1 0.22 0.02 0.07 NA
1.1+ 12.39 + 0.7+ 255+
S12 | 1.34 10 0.02 15.5+0.1 0.30 0.7 0.05 42+1
a b
-
o)
-
©
S
>
=
0
c
)
ol
£
Q(A ™) Q(A™)
C d
-~ < 10°f
= 107! =
© ©
b b 4
> > 1072
x X
0 -3 n
c 10 c
S 10
£ £
1073

95



Figure BS: Fits to SAXS scattering data modeled by two distinct populations of spheres, both described using
the Schulz distribution for a) S4 b) S5 ¢) S7 and d) S12 samples.

background

Figure B6: HAADF STEM images of secondary population a) Low-magnification false color STEM image of an
S7 sample showing the presence of a secondary population on the edges of a monolayer of CsPbBr3 nanocrystals b)
medium-magnification false color STEM image of an S7 sample, the secondary population region is highlighted in
orange and compared to the background. ¢) high-magnification false color STEM image on an S7 sample showing
the secondary population. We consider that this population is most likely unreacted precursors; based on the size and
contrast of the secondary species, it is likely they contain some heavy metal. Specifically we consider the potential
presence of the amorphous Cs[PbBr;] agglomerate previously reported by Montanarella et al'® although both
[Cs]BTPA or [PbBr,]TOPO monomers could be possible. As the considered sub-populations are optically inactive
over the relevant spectral range (excitation at 405 nm and emission between 470 and 550 nm) they cannot be the
cause of the elongated red tail for spheroidal CsPbBr; quantum dots.

Estimating the Inhomogeneous Linewidth Broadening Contributions

To estimate the inhomogeneous linewidth broadening contributions we first estimated the distribution of
bandgaps within each sample using the sizing curve published by Brennan et al'* (Equation B7).

0.518 1.601
a ta (B7)

Ey(d) = 2.280 +

From Equation B7 we calculate the absorption cross section (Equation B8a) and the Einstein B absorption
and emission spectra (Equations B8b and B8d respectively).'

o « Ed3E,(d) (B8a)
o < E{by_x) (B3b)
(bx—0) o (box) exp (_E/kBT) (B8c)
(bx~o) x % /g exp (_E/kBT) (B8d)
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Figure B7: Inhomogeneous Broadening Contributions to the Photoluminescence Line Shape. For all samples
the calculated inhomogeneous line shape <bx--0>saxs is blue-skewed in direct contrast to the measured line shape

<bx.»0>exp Which is red-skewed.
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Figure B8: Correlated Blinking Traces and Single Quantum Dot Spectra. a) blinking traces from single
quantum dots for S7 (orange), S13 (red) and C9 (grey). b) photoluminescence spectra of single quantum dots for S7

(orange), S13 (red) and C9 (grey)

Table B4: Comparison of Single Quantum Dot and Ensemble Spectra

S4 S5 S7 S12 C9
Ensemble Emission Max (eV) | 2.57 | 2.52 | 246 | 240 | 2.44
Single QD Emission Max (eV) | 2.54 | 2.50 | 247 | 239 | 2.42
Ensemble Standard Deviation (meV) | 160 130 100 90 110
Single QD Standard Deviation (meV) | 110 110 90 90 90
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Figure B9: PL Intensity vs Power. a) PL spectra of S7 spheroidal QDs taken under various excitation powers. We
observe no change in line shape with increasing excitation power. b) Integrated PL intensity compared to excitation
power. PL intensity scales linearly with excitation power indicating the biexciton recombination does not
significantly impact the line shape.
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Figure B10: PLE spectra comparing red tail emission for S7 (orange) and S12 (red) quantum dots to C9 (grey)
quantum dots for a) PL spectra of S7 (orange) and S12 (red) quantum dots to C9 (grey) quantum dots. Black circles
mark the monitored wavelength for PLE. b) PLE spectra of S7 (orange) and S12 (red) quantum dots to C9 (grey)
quantum dots. The PLE spectra for all three quantum dots see one absorptive state at the band edge and no
resolvable absorption fine structure. Although cubic perovskite quantum dots are well known to have excitonic fine
structure, the room temperature fine structure splitting is estimated to be less than 0.3 meV'¢, which is below the
resolution limit of our instrument (1 meV). The similar lack of resolvable room temperature absorption fine structure
in spheroidal quantum dots indicates fine structure splitting of a similar magnitude in spheroidal and cubic quantum
dots.

Elliott Fitting Model for Quantum Dot Absorbance Spectra
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The measured absorbance spectra contain excitonic and continuum contributions. As such the measured
onset cannot be used to quantitively assess the Urbach tail. Changes in the slope of the measured onset
could be attributed to changes in the Urbach tail or to changes in the width of the first excitonic peak. As
the width of the first excitonic peak varies with size in quantum dots, the Urbach tail can only be assessed
via the continuum contributions. To detangle excitonic and continuum contributions we use the Elliott
model function described in Equation B9 with i = 1 (cubic and 12 nm quantum dots) or i =2 (4, 5 and 7
nm quantum dots).!’

_ a; . E-E; 2 Ao exp (my)
a(E) = Zi oV2m exp( 0'5( oj ) ) + 1+exp (—(E—Eg)/(kpT)) sinh (m\/y) (B9)

E;, a; and o; are the energy, width and absorption coefficient of the ith excitonic state, a. is the absorption
coefficient of the continuum states and E, is the band gap of the material. y is the Sommerfeld factor and
is defined in Equation B10 and Ry" is the binding energy of the 1s exciton.

_ Ry
Yy = E-E, (B10)
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Figure B11: Full Elliott Fits for a) S4 absorbance fit to two excitonic peaks and a continuum contribution b) S5
absorbance fit to two excitonic peaks and a continuum contribution ¢) S7 absorbance fit to two excitonic peaks and a
continuum contribution d) S12 absorbance fit to an excitonic peak and a continuum contribution and e) C9
absorbance fit to an excitonic peak and a continuum contribution

Table BS: Elliott Fitting Parameters

Ee (eV) | o Ei (eV) | o o E> (eV) | o2 Ooo Ry"
(meV) (meV) (eV)
S4 2.54 0.0388 | 2.60 38.9 0.00528 | 2.89 48.6 0.326 14.5E-3
S5 2.51 0.0489 | 2.53 32.0 0.0195 |2.74 42.1 0.270 21.1E-3
S7 2.47 0.0497 | 248 27.4 0.0125 | 2.61 28.7 0.220 3.74E-3
S12 2.41 0.0258 | 2.42 23.7 n/a n/a n/a 0.473 1.70
C9 2.44 0.0315 | 244 26.6 n/a n/a n/a 0.485 1.35
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Figure B12: Urbach tail fits to continuum absorbance contributions for S4, S5, S7, S12 and C9 quantum dots
quantum dots. Solid line are the continuum absorbance contributions for the different quantum dots. Dashed black
line are the fits using equation 3.1 in the main text.

Interpreting Emission Energy Dependent Lifetimes

In Figure 3.3b we show emission energy dependent lifetimes which trend linearly with emission
energy, which is contrary to the expected sigmoidal lifetime trend for excitons localized in band-tail
states.'®! Before further understanding the linear trend, we must rule out other effects which could result
in a linear lifetime trend — namely energy transfer between quantum dots. Forster’s resonance energy
transfer (FRET) could explain an elongated red photoluminescence tail and emission wavelength
dependent lifetimes. Using the molar absorption coefficient from Maes et al?® and equations 20 and 23
from Forster?! we can calculate the Forster critical radius (Ry), Forster critical concentration (Co) and the
probability of energy transfer in solutions of less than 0.001 OD at the excitation wavelength. At these
concentrations the probability of energy transfer is less than 0.0003% -meaning energy transfer can be
eliminated as a potential cause of our observed elongated red photoluminescence tail and emission
wavelength dependent lifetimes.

Table B6: FRET probability in solutions of spheroidal quantum dots at experimental concentrations

QD Ro (cm) Co (M) FRET Probability
Concentration (%)
(M)

S4 1.47 E-9 8.81 E-7 5.80 E-4 0.0003

S5 1.01 E-9 9.51 E-7 4.62 E-4 0.0002

S7 1.19 E-10 1.17 E-6 248 E-4 0.0001

S12 8.80 E-11 1.49 E-6 1.19 E-4 0.0001
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We can also discard size-dependent lifetime changes as the cause of the observed lifetime trends
because in that scenario we would expect the S4 and S5 samples to have shorter lifetimes and lower
energies.?

We find that the observed linear lifetime trends are likely due to a mobility edge at or near the
band edge and that the emission energy dependent lifetimes appear to monitor the relative contributions
of trap and band-edge emission across the different emission energies. This is supported by Figure B14
which shows the trends in lifetime homogeneity (P value) with emission energy. A completely
homogeneous sample would have B = 1. For the spheroidal quantum dots f trends in a U shape, with local
maxima at the highest and lowest energies. Starting from the high energy side we see a rapid decrease in
[ within the first few emission energies indicating that trap emission is contributing to the spectrum even
at higher energies. The B value subsequently increases rapidly at low energies as trap emission becomes
the dominate component. This mixing of trap and band-edge emission results in the observed lifetime
trends and the noted lack of constant lifetime across the band-edge portion of the spectrum. Although, the
magnitude of the observed lifetime change is relatively smaller for the S5 and S7 samples, we find that
the contrasting  value trends between the spheroidal and cubic samples further indicate that red-edge
emission in spheroidal quantum dots is dominated by a slower recombination process and that the second
slower recombination process is not present in cubic quantum dots.

The trends in lifetime homogeneity suggesting highly overlapped trap and band-edge emission
spectra are self-consistent with the observed overlap between the sub-gap and above-gap excitation
spectra in Figure 3.3c where we can consider the spectra as dominated by trap and band-edge
recombination respectively.
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Figure B13: Selected emission energy dependent lifetimes for a) S4 quantum dots b) S5 quantum dots ¢) S7
quantum dots and d) S12 quantum dots
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Figure B14: Trends in lifetime homogeneity with emission energy for a) S4 quantum dots b) S5 quantum dots ¢)
S7 quantum dots d) S12 quantum dots e) C9 quantum dots. All plots have the y-axis limits set to +/- 0.1 from the
mean B value. For the spheroidal quantum dots B trends in a U shape, with local maxima at the highest and lowest
energies. Starting from the high energy side we see a rapid decrease in B within the first few emission energies
indicating that trap emission is contributing to the spectrum even at higher energies. The 3 value subsequently
increases rapidly at low energies as trap emission becomes the dominate component of the lifetime. This mixing of
trap and band-edge emission across nearly the entire photoluminescence spectrum results in the linear lifetime trends
observed in Figure 3.3b and explains the lack of sigmoidal lifetime trends typically expected from localized trap
emission.
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Figure B15: Excitation dependent emission spectra for a) S4 quantum dots excited between 440 and 510 nm.
Excitation from 450-470 nm exhibits the characteristics of size-selective excitation for smaller quantum dots.
Excitation from 480-490 nm shows the characteristics of size-selective excitation for larger quantum dots. Excitation
from 500-510 nm shows the characteristics of trap emission b) S5 quantum dots between 450 and 520 nm.
Excitation from 470-480 nm exhibits the characteristics of size-selective excitation for smaller quantum dots.
Excitation from 490-500 nm shows the characteristics of size-selective excitation for larger quantum dots. Excitation
from 510-520 nm shows the characteristics of trap emission ¢) S7 quantum dots excited between 450 and 530 nm.
Excitation from 480-490 nm exhibits the characteristics of size-selective excitation for smaller quantum dots.
Excitation from 500-510 nm shows the characteristics of size-selective excitation for larger quantum dots. Excitation
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from 520-530 nm shows the characteristics of trap emission d) S12 quantum dots excited between 480 and 540 nm.
Excitation from 530-540 nm shows the characteristics of trap emission e) C9 quantum dots excited between 450 and
530 nm
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Figure B16: Fitting above-gap and sub-gap excitation spectra for a) above-gap S4 b) sub-gap S4 ¢) above-gap
S5 d) sub-gap S5 e) above-gap S7 f) sub-gap S7 g) above-gap S12 h) sub-gap S12 i) above-gap C9 and j) sub-gap
C9. We determined the emission maxima by fitting the high energy half of the photoluminescence spectrum to a
Gaussian. We consider the center of this Gaussian fit to be the emission maximum. We determined the FWHMs by
finding the difference between the two energies where the emission intensity was equal to 0.5. For sub-gap
excitation spectra where the low energy 0.5 value occurred underneath the excitation scatter, we applied a linear

interpolation to approximate the spectral line shape.

Table B7: Above-gap and sub-gap photoluminescence emission maxima and FWHMs. Theoretical
resolution of the spectrometer is approximately 2 meV in the relevant spectral region.

Above-Gap | Sub-Gap A PL Max Above-Gap Sub-Gap A FWHM
PL Max PL Max FWHM
(V) (V) (meV) (meV) FWHM (meV) (meV)
S4 2.550 2.501 -48 138 150 12
S5 2.502 2.480 -22 103 110 7
S7 2.454 2.438 -16 80 91 11
S12 2.396 2.392 -8 81 94 13
C9 2.420 2.420 0 90 90 0
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Figure B17: Illumination stability of S12 quantum dots. Quantum dots were left under continuous illumination at

405 nm for 4 hours. Over the course of this time period no change is observed in the photoluminescence intensity,
line shape or peak position. Spectra are normalized to the area of the 0 hour spectrum.
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Figure B18: Passivating Emissive Traps on the Spheroidal QD Surface. a) Photoluminescence spectra for S12
(red) and S7 (orange) lecithin- and lecithin/PEABT- capped spheroidal QDs. Capping with lecithin/PEABr results in
increasingly symmetric spectra with higher PLQYs, indicating increased passivation. S7 lecithin-capped QD
emission is centered at 2.445 + 0.044 eV, and lecithin/PEABr-capped QD emission is centered at 2.451 = 0.041 eV.
S12 lecithin-capped QD emission is centered at 2.397 + 0.043 eV and lecithin/PEABr-capped QD emission is
centered at 2.403 + 0.041 eV. The decreased PLQY for lecithin-capped S12 QDs relative to those reported in Figure
3.1 (95% vs 60%) is caused by ligand stripping from additional wash steps before adding PEABr.?” b) Absorbance
spectra for S12 (red) and S7 (orange) lecithin- and lecithin/PEABr- capped spheroidal QDs. The Urbach slope is
slightly steeper for lecithin/PEABr-capped QDs. Photoluminescence lifetimes for ¢) S7 and d) S12 lecithin- and
lecithin/PEABr-capped spheroidal QDs. Lecithin/PEABr-capped QDs see reduced lifetimes and increased stretching
exponents, indicating the passivation of the emissive traps.
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Figure B19: TEMs comparing lecithin- and lecithin/PEABr-capped quantum dots. a) TEM image of S7
lecithin/PEABr-capped quantum dots b) TEM image of S7 lecithin-capped quantum dots ¢) TEM measured sizes for
S7 lecithin- and lecithin/PEABr-capped quantum dots d) TEM image of S12 lecithin/PEABr-capped quantum dots
e) TEM image of S12 lecithin-capped quantum dots f) TEM measured sizes for S12 lecithin- and lecithin/PEABr-
capped quantum dots
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Figure B20: Quasi-2D perovskite formation. Absorbance spectra showing evidence quasi-2D perovskite
formation after PEABTr treatment (solid lines). Absorbance spectra from the samples prior to PEABr treatment are
shown as dashed lines. Quasi-2D perovskite has a formula of PEA;Csn-1)PbaBraa+1). We see evidence of both n = 2
quasi-2D perovskite which results in a discreet absorbance peak near 2.85 eV and n = 1 quasi-2D perovskite which
is responsible for the absorbance peak near 3.05 eV. Reference spectrum is reproduced from [?3] copyright 2022
American Chemical Society.
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Figure B21: Storage stability of lecithin/PEABr-capped quantum dots for a) S7 and b) S12 quantum dots over a
24 hour period. The secondary emission peak near 3.05 eV and corresponds to the convolution of laser scatter from
excitation at 405 nm and emission from quasi-2D perovskite. See Figure B20 for more details. Over the course of
24 hours the amount of n = 1 quasi-2D perovskite and other scattering material increases indicating that PEABr
treated quantum dots are not colloidally stable.
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Appendix C: Supporting Information Trion Formation Hampers Single
Quantum Dot Performance in Silane-Coated FAPbBr; Quantum Dots

Jessica Kline, Shaoni Kar, Benjamin F. Hammel, Yunping Huang, Seth R. Marder, Sadegh Yazdi,
Gordana Dukovic, Henry Snaith, David S. Ginger
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Synthesis
Chemicals

Formamidine acetate (99%), oleic acid (OA, > 99%), octadecene (ODE, 90%), oleylamine (OAm,
70%), trioctylphosphine oxide (TOPO, 99%), hexanes (= 95%), toluene (anhydrous 99.8%), octane
(anhydrous > 99%), formamidinium bromide (FABr, > 98%), isopropanol (IPA, 90%), ethyl acetate (>
99%), acetonitrile (= 99%), N-(2-aminoethyl)-3-aminopropyltriethoxysilane (AEAPTES) and Ludox
TMA (34 wt.%) were purchased from Millipore Sigma. Lead (II) bromide (PbBr2, 99.998% metals basis)
was purchased from Alfa Aesar. All chemicals were used as received. PEACsCi, was synthesized
according to Morad et al.!

PEACsCs-passivated FAPbBrs synthesis

0.08 M PbBr,-TOPO and 0.12 M FA-OA solutions were prepared according to Morad et al.! A
0.05 M solution of PEAC;3C), was prepared by dissolving 42 mg (0.10 mol) PEAC3Ci, in 2 mLs of a 1:1
mixture of [PA and toluene. 260 pL of the PbBr,-TOPO solution and 100 pL of the FA-OA solution were
added to 5 mLs of hexanes and allowed to react while stirring for 30 s. After 30 s, 240 pL of the
PEAC;C solution were added and the mixture was allowed to react for another 30s. The quantum dots
were then washed with a 2:1 mixture of ethyl acetate and acetonitrile and centrifuged at 10 krpm for 5
minutes. The precipitate was dissolved in 2 mLs hexanes and stored in the glovebox.

Silane-coated FAPbBrs synthesis

Formamidinium lead bromide (FAPbBr3) nanocrystals were synthesized via a conventional hot-
injection method. In a typical procedure, 0.2 mmol of PbBr: was dissolved in 5 mL of octadecene (ODE)
containing 0.5 mL of oleic acid (OA) and 0.5 mL of oleylamine (OAm) under nitrogen atmosphere. The
mixture was dried under vacuum at 120 °C for 30 min to remove moisture and oxygen and then heated to
170 °C. A precursor solution of formamidinium bromide (FABr, 0.2 mmol) dissolved in 2 mL of ODE
was swiftly injected into the hot PbBr: solution. The reaction mixture was quenched after 7 s by
immersion in an ice—water bath, yielding a bright green colloidal dispersion. The crude solution was
centrifuged at 6000 rpm for 5 min after the addition of 10 mL of methyl acetate to precipitate the
nanocrystals, which were then redispersed in toluene for further processing.

To improve surface passivation and environmental stability, the as-synthesized FAPbBTr;
nanocrystals were subjected to post-synthetic ligand exchange using AEAPTES. In a typical treatment, a
0.1 mL aliquot of AEAPTES was added dropwise to 5 mL of the nanocrystal dispersion in toluene (=5
mg mL' concentration) under inert conditions. The mixture was stirred for 30 min at room temperature,
and the exchanged nanocrystals were purified by adding acetone (3x volume) to induce precipitation,
followed by centrifugation and redispersion in toluene. The resulting AEAPTES-capped FAPbBT3
nanocrystals exhibited enhanced colloidal stability and photoluminescence retention under ambient
conditions.

Characterization

Ensemble Optical Characterization
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Absorbance spectra of the QD solutions were performed using a Perkin-Elmer Lambda 950
UV/Vis/NIR Spectrometer in a range of 400-600 nm with an integration time of 0.5 s. Absorbance spectra
were transformed from wavelength to their Einstein B spectrum according to Equation C1.2

AGE) AN/ 1)

Steady-state photoluminescence spectra were acquired via a home-built fluorescence set up.
Dilute solutions (OD of 0.0001 at 405 nm) were excited with a 405 nm laser (CrystaLaser) and spectra
were collected on an OceanHDX (Ocean Insight). Spectral correction was performed using a calibrated
white light source (Ocean Insight HL-3P-INT-CAL) to correct for the responsivity of the detector.
Photoluminescence spectra were converted from wavelength to energy and corrected for line shape
analysis according to Equation C2.2

1) « "D/ 0 (C2)

Photoluminescence quantum yield measurements (PLQY) were performed on a commercial
integrating sphere system (Hamamatsu Photonics K.K). PLQY values are determined using a white light
source (Hamamatsu Mercury Xenon Lamp) and a monochromator for wavelength selection (405 nm) as
the excitation source to illuminate the samples in an integrating sphere (Hamamatsu Photonics K.K). The
optical density of samples was kept below 0.1 at the excitation wavelength to minimize reabsorption
effects. Spectral correction was performed using a calibrated white light source (Ocean Insight HL-3P-
INT-CAL) to correct for the responsivity of the detector.

Time resolved photoluminescence measurements at 470 nm excitation were acquired using a
commercial PicoQuant FluorTime 100 system with LDH-470 laser diode, a 470 nm picosecond pulsed
diode laser. The repetition rate is controlled by an external trigger input from a PicoHarp PDL 800-B laser
driver and was set to 1 MHz. A photomultiplier tube (PMT) detector was used in TCSPC mode with an
instrumental response function (IRF) of approximately 400 ps. The instrument response function (IRF)
was measured via laser scatter from a solution of Ludox. Lifetimes were fit to a stretch exponential
(Equation C3) using a custom IRF-reconvolution python package.

I(t) = Aexp (— i)ﬁ +C (C3)

Where 4 is the pre-exponential factor, 7 is the lifetime of the decay, C is the background of the
measurement and f is the distribution of decay rates. 7., the average lifetime of a stretch exponential, is
calculated according to Equation C4 where I is the gamma function.?

T = T (7) (C4)

Single Quantum Dot Optical Characterization - Widefield

Single quantum dot films were prepared by diluting quantum dot stock solutions by a factor of
1,000 in toluene. 60 pL of this dilute solution was then spun coat onto a clean* low fluorescence glass
coverslips (VistaVision #1.5 22x22 mm, VWR) at 2,000 rpm for 40 seconds.
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Widefield microscopy measurements were performed on a Nikon TE2000 inverted optical
microscope using a CFI Super Fluor 40x Oil immersion objective (NA = 1.3), with Olympus F immersion
oil. The illumination source was a 415 nm LED (SOLIS-415C, Thor Labs) at a power density of 9
mW/cm?. The following filters were used for the measurement: ET510/80m (Chroma), FF01-424/SP-25
(Semrock) and ZT442rdc (Chroma) mounted in Chroma Laser TIRF for Nikon TE2000/T filter cube.
Videos of the sample photoluminescence in time were collected on a Prime 95B (Photometrics) camera
for 6 minutes and 40 seconds (8000 total images) with an integration time of 50 ms per image.

Single Quantum Dot Optical Characterization - Confocal

Single quantum dot films were prepared by diluting quantum dot stock solutions by a factor of
1,000 in toluene. 60 pL of this dilute solution was then spun coat onto a clean* 1 mm thick quartz
microscope slide (SPI) at 2,000 rpm for 40 seconds.

Single quantum dot optical characterization was carried out on a home-built confocal microscope
integrated with a cryostat (AttoDry800, Attocube). Samples were illuminated with a pulsed 472 nm laser
(15.647 MHz, 95 W/cm?, NKT Photonics). The laser is cleaned up by a bandpass filter (ET470/24m,
Chroma) and focused (1/e* = 1.7 um) by an objective inside the cryostat (NA = 0.82) onto the sample,
and the same objective collects the emitted light. The collected light is passed through a dichroic (Di02-
R488, Semrock), a notch filter (ZET473NF, Chroma) and a bandpass (ET520/20m, Chroma) to filter out
residual light from the excitation laser and substrate autofluorescence. The collected light is then sent to
either a spectrometer and electron-multiplying charge-coupled device camera (Isoplane 320 and Pixis
400, Princeton Instruments) or a Hanbury Brown-Twiss interferometer. The Hanbury Brown-Twiss
interferometer consists of a 50/50 beam splitter, two avalanche photodiodes (35 ps IRF, Micro Photon
Devices) and photon counting electronics (Swabian) enabling the acquisition of time-tagged time-
resolved (TTTR) data. Single quantum-dot measurements were carried out in the weak excitation regime
at a fluence of 6.1 pJ/cm?.

At room temperature quantum dot spectra were obtained with an integration time of 20 seconds
on a 600 lines/mm grating. Substrate autofluorescence was subtracted from the spectra and then the
spectra were corrected for detector sensitivity using a calibrated white light source (Ocean Insight HL-3P-
INT-CAL). Spectra are converted from wavelength to energy (Equation C2) and fit to a single Gaussian
of the form:

I(E) = [—0.5 ((E - “)/0)2] +b (C5)

A
/527 %P

Where A is the amplitude, b is the background, p is the center of the peak and o is the standard deviation
of the peak. TTTR data was then acquired on the quantum dots for 600 seconds. TTTR data was analyzed
using a modified version of the poissonian noise Change Point Analysis (CPA) package from Palstra et al
3 (see Data Analysis for more details).

At 4K quantum dot spectra were obtained with an integration time of 1 second on a 600 lines/mm
grating. 300 spectra were acquired sequentially after which 600 seconds of TTTR data was acquired
followed by the acquisition of another 300 sequential spectra. For each of the 600 spectra substrate
autofluorescence was subtracted from the spectra and then the spectra were corrected for detector
sensitivity using a calibrated white light source spectra are converted from wavelength to energy
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(Equation C2) are fit by a single Gaussian (Equation C5). Spectra with less than 10% of the area of the
most intense spectrum are considered OFF and are not factored into the analysis further. The time
integrated single quantum dot spectrum is the summation of qualifying single frame spectra.

Scanning Transmission Electron Microscopy (STEM)

STEM was performed with a Thermo Fisher Scientific Titan Themis operated at 300kV. Samples
were prepared by drop-casting solutions of FAPbBr3; QDs onto ultrathin carbon film TEM grids (Ted
Pella, Prod # 01824, ultrathin carbon film on lacey carbon support film, 400 mesh, Cu). To minimize air
exposure, grid prep was performed in a glovebox with an argon atmosphere. After drop-casting, the grids
were dried under vacuum in the glovebox antechamber for roughly 30 min, before being transferred back
into the glovebox, sealed in an air-tight container, and transported to the microscopy facility.

Size analysis was performed using ImagelJ (version 1.54f), specifically the FIJI distribution.
Particles were segmented using the Trainable Weka Segmentation plug-in (v3.3.4). The particle areas
were measured using the “Analyze Particle” function in ImagelJ, with size limits set from 25 — 50 nm2
and shape limits from circularity = 0.5 to 1.0 to exclude noise, secondary, or aggregated particles.

Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR)

ATR-IR was performed in the solid-state on a PerkinElmer Frontier FT-IR spectrometer. Samples
were prepared by drop-casting quantum dot solutions on indium tin oxide-coated glass substrates.

Data Analysis
Widefield Blinking Data

The analysis of widefield blinking data is described in detail in Gallagher et al.* But in brief we identify
individual quantum dots in a video using the Laplacian of Gaussian method and process the blinking data
using a version of CPA adapted for a Gaussian-distributed time series as published by Yang et al.®. Our
particle selection and CPA code is publicly available at: https://github.com/GingerLabUW/Widefield-
CPA.

TTTR Data

Single quantum dot lifetimes were fit using a custom IRF-reconvolution python package. At room
temperature the lifetimes were fit to a stretch exponential (Equations C3 and S4). At 4K the lifetimes
were fit to a biexponential (Equation C6) where trns was assumed to capture the lifetime of the bright
triplet and Tsow is due to emission from the dark singlet.’

t

It)=A exp( ) + (1 — A)exp (— ) +C (C6)

t
Tfast Tslow

Classification of the TTTR blinking traces was performed using a modified version of the
poissonian noise CPA package from Palstra et al >. Our code is publicly available at:
https://github.com/GingerLabUW/Cryostat-Data-Processing. We chose to apply an additional penalty

after the “true” number of states was returned by the Bayesian Information Criterion which limited the fit
based on the physical constraints of the system. Since three times standard deviation of the dark noise is
150 cps in our system, we reduce the number of “true” states by one until the splitting between all
identified intensity levels is at least 150 cps.
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As perovskite QDs exhibit multi-level blinking, we find that the traditional ON, OFF and GREY
definitions are insufficient to capture the data. Traditionally the ON state is the CPA identified maximum
intensity level, the OFF state is anything below the average dark counts + 3 standard deviations, and any
other states are GREY. In our data set these definitions result in traces which are classified as around 70%
GREY on average, meaning that most of our data is effectively being thrown out. Instead, we choose to
treat our GREY states as representing a linear combination of our traditionally defined ON and OFF
states. Which can be rationalized as either due to fast blinking events or an instantaneous k, which is
similar to the k; as in the ON state k,>> k,; and in the OFF state k, >> k;. As such we can calculate the
weighted ON and OFF fractions for each trace as shown in Equations C7a-c.

L, = aploy + (1 — ap)lopr (C7a)
fon = Zn anTy (C7b)
forr = Zn(1 — ap)Ty, (CTe)

Where Ion is the CPA identified maximum intensity level, Iorr is the average APD dark counts + 3
standard deviations (300 cps at room temperature, 500 cps at 4K), I, is any CPA identified intensity level,
an s the fraction of ON character in an intensity level and Ty, is the fraction of total measurement time
spent in the intensity level. For example, for the quantum dot shown in Figure C6 our methodology
classifies the blinking trace as 37% ON and 63% OFF which we find is a better descriptor than traditional
ON/OFF/GREY classification (26% ON, 47% OFF and 27% GREY) or traditional ON/OFF classification
(53% ON and 47% OFF).

To fit fluorescence lifetime intensity distributions (FLIDs) we find the lifetime of each CPA
identified intensity level. We consider two primary non-radiative decay mechanisms which can be
responsible for blinking in these quantum dots.® Non-radiative band-carrier (BC) recombination which
can occur in a neutral quantum dot and non-radiative Auger recombination which can occur in a
photoionized quantum dot. The expected lifetime intensity relationships are described in Equations C8a
and b respectively. As individual quantum dots can experience both BC and Auger blinking during a
measurement the measured lifetime intensity correlation is fit to a linear combination of BC and Auger
blinking (Equation C8c). Single QD FLIDs were not lifetime or intensity normalized before fitting to
Equation C8. FLIDs were only normalized to construct the representative average FLIDs shown in Figure
4 in the Main Text. During the normalization process, the lifetime- and intensity- axes were divided by
the maximum observed lifetime and intensity respectively.

_ IoNnIoFF, Aug(TOFF, Aug — TON)
I(T)Auger " IoFF, aug(ToFF, aug — T)+ lon(~Ton+ ) (C8a)
1(0)ge = ‘IEOFF,BC __II.ONT (C8b)
OFF,BC —~TON
I(t) = al(¥)pc + (1 — a)I(T)Auger (C8c)

We use a mono-exponential function to fit the g®(t) data and determine g®(0) (Equations C9a-b).

9P@) = b+ Tpdnexp (Tl (C9a)
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) _ 6x4A,
g0 = [(Ay + Ay + Ay + Ag + A + A7) (C9b)
Where b is the constant background counts, A, is the amplitude of the n-th peak, r, is the peak of the n-th
peak (approximately -192, -128, -64, 0, 64, 127 and 192 ns respectively) and trrpr is the average lifetime.
¢?(0) is then determined as the ratio between the area of the peak at zero time delay at the averaged area
of the side peaks.

Photoluminescence Components

To look at the components of single quantum dot photoluminescence we first correct the short
(1s) integration time spectra for spectral variations in time (blue shifting and spectral diffusion) according
to Gumbsheimer et al.” The 600 short time spectra were then summed into one long time (600 s)
spectrum.

To fit single quantum dot photoluminescence components, we consider five contributors — the
zero phonon line (ZPL) at 0 meV, optical phonon 1 (OP;) at -4.9 meV, optical phonon mode 2 (OP) at -
19.5 meV, trion emission (X*) and biexciton emission (XX). Each component is considered to have a
gaussian contribution with equal standard deviations and different emission maxima/heights as described
in Equation C10.

I(E) = 9(a,0, a)zpl + g(a,—4.9, a)opl + g(a, _19-5'0)op2 + g(a,1,0)x + g(a, i, 0)xx + b (C10)

The emission maxima of the ZPL, OP; and OP; contributions are fixed to 0, -4.9 and 19.5 meV
respectively!'®'? and the emission maxima of the X* and XX contributions are fit. Based on the reported
trion and biexciton binding energies in the literature we constrain the emission maxima of the trion
between -40 and -20 meV and the biexciton between -60 and -30 meV.'? The standard deviation of the
Gaussians is constrained between 5 and 15 meV. Additionally we constrain the intensity of the optical
phonon emission peaks based on the reported strength of these peaks in ~ 6 nm FAPbBr3; quantum dots.
OP; must be between [0.5, 1]*a,,, and OP; is constrained between [0.01, 0.15]*a,.!1?

Fluence Dependent PLQY

We estimate the PLQY of the quantum dot thin films by first measuring the PLQY of the
quantum dot thin films at room temperature in an integrating sphere. We then measure the intensity of our
films on the confocal-integrated cryostat at room temperature using our lowest excitation power (4.5E-4
uJ/cm?). The film intensities were determined by averaging the intensity of six 29x29 um scans acquired
with a resolution of 0.5 um. The films were subsequently cooled down to 4K and another series of six
29x29 um scans were acquired with a resolution of 0.5 um to determine the average film intensity at 4K.
The dwell time at each pixel was less than 50 ms to prevent photobleaching from affecting the
measurement. We assume that the absorbance cross section does not change between room temperature
and 4K and as such the PLQY at 4K equal to the room temperature PLQY scaled by the change in film
intensity.

The absorption cross section of the films were determined by fitting the long-time
photoluminescence intensity to:

[=q*(1—e %) (CI1)
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Where ¢ is the quantum yield at a given fluence, o is the absorption cross section and j is the incident
fluence in photons/cm?.

During the fitting process we constrain the parameters of Equation 1 in the Main Text as follows.
k. x and ku- x are fixed by measuring the lifetime and quantum yield of the quantum dots at the lowest
fluence, where recombination is dominated by the exciton. Selected fluence dependent lifetimes are
shown in Figure C15. The radiative rates of the trion and biexciton are constrained by the expected
statistical scaling of radiative rates such that k;x: = [1.5, 2.5]*k:x and k;xx = [3.5, 4.5]*k:xx."* The non-
radiative rate of the trion and trapping rate of the biexciton are free parameters, and the non-radiative rate
of the biexciton is constrained by the expected statistical scaling of Auger rates such that kn. xx =[3.5,
4.5]*knr,Xi.l3

Before selecting the model depicted in Figure 5a of the Main Text, we considered many potential
models to explain fluence dependent quantum yield changes in quantum dots. These potential models and
their fits for our fluence dependent quantum yield data are shown in Figure C16. The three models we
primarily considered are: (1) QY roll off due to biexciton formation with no trion formation (2)
conversion of the exciton to a dark charged state and a subsequent absorption event to generate a trion and
(3) a combination of the dark charged and biexciton pathways for trion formation. QY roll off due to
biexciton formation with no trion formation (model 1) is discarded because this model can not capture the
experimental QY roll-off of silane-coated quantum dots. Even without constraining the biexciton
radiative and non-radiative rates, Model 1 always predicts shallower QY roll-off than experimentally
observed in the silane-coated quantum dots. Conversion of the exciton to a dark charged state which can
then generate a trion (model 2) is discarded because this model predicts a large steady state population (>
80%) of the dark charged state which is inconsistent with the high weighted ON%s observed in both
quantum dot samples. A combination of the dark charged and biexciton pathways for trion formation
(model 3) is discarded because of the predicated large steady state population of the dark charged state
which is inconsistent with the high weighted ON%s observed in both quantum dot samples and trion and
biexciton rate constants which do not converge to a unique solution within reasonable physical bounds.

NH»

Figure C1. Chemical structures of a) PEACC;, b) mono-protonated N-(2-aminoethyl)-3-
aminopropyltriethoxysilane (AEAPTES) and ¢) hydrolyzed mono-protonated AEAPTES. Although AEAPTES is
neutral, the acid-base chemistry of our solutions suggests that the functional form of AEAPTES is mono-protonated.
Protonation likely occurs via proton transfer from free oleylammonium in solution (Kanfser ~ 0.3) and the counterion
for mono-protonated AEAPTES takes the form of free oleate or Br-.

122



T \ T ? T ?
C=N  N-H CH Si-0-Si Si-OH
(FAT)
Si-0-C
+ C-N

PEAC;C;,

SV A

asym. sym. PO,
PO, +C-N

Transmittance (%)

1800 1600 1400 1200 1000 800
Wavenumber (cm™1)

Figure C2. AT-IR characterization of PEACgC ,-passivated (blue) and silane-coated (orange) quantum dot
samples. Both samples show C=N stretching from FA* and NH and CH bending from the ligands."'*!> PEACsC -
passivated quantum dots also show PO, and C-N stretches.! In contrast silane-coated quantum dots show Si-O-Si,
Si-O-C, Si-OH and C-N vibrations"!® indicating the partial hydrolysis and cross-linking of the triethoxysilane tail.
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Figure C3. HAADF-STEM images of a) PEACsC»-passivated and c¢) silane-coated FAPbBr3; quantum dots, with
insets b and d) indicated by the red box in the full image. The red line with yellow highlight illustrates the path and
linewidth, respectively, of the line profiles. e) Line profiles of HAADF intensity for the PEACsCi,-passivated and
silane-coated FAPbBr3; quantum dots. The regular size and shape of the quantum dots encourages the formation of
well-ordered regions; line profiles across these regions reveal that the silane-coated quantum dots are slightly larger
and have greater distances between particles than the PEACsC,-passivated quantum dots. This suggests that the
silane-coating contributes to the size of the particles as well as the size of the ligand sphere.
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Figure C4. FFTs of HAADF-STEM images of a) PEACsCi»-passivated (Figure C2a) and b) silane-coated
FAPbBr3 quantum dots (Figure C2c¢). ¢) Radially integrated intensity of the FFTs. To determine the averaging
packing distances over the entirety of both HAADF-STEM images, we computed the fast Fourier transformation
(FFT). In this case, peaks in the FFT correspond to periodicity in the particle packing. In the image of the

PEACC »-passivated quantum dots (Figure C2a), the particles are ordered in a large superlattice domains with small
orientational mismatches, which results in well-defined peaks. In the image of the silane-coated quantum dots
(Figure C2c), there are smaller superlattice domains with different orientations, which results in a less-defined
circular pattern. The radial integration of the FFT (Figure C3c) demonstrates that the silane-coated quantum dots
are, on average, further spaced than the PEACsCi»-passivated quantum dots. Assuming that the spacing equals the
particle size (e.g., the edge length) plus twice the thickness of the ligand sphere, (accounting for the two layers of
ligands in the gap between two particles), comparing the spacing (8.5 and 10.5 nm) to the average sizes in Figure 1d
(6.2 and 7.3 nm) allows us to estimate ligand sphere thicknesses of 1 nm and 1.5 nm for the PEAC;sC),-passivated
and silane-coated quantum dots, respectively. Altogether, this suggests that the silane-coating contributes about 0.5
nm to the size of the particles as well as 0.5 nm to the size of the ligand sphere.
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Figure C5. Widefield blinking characterization of single FAPbBr3; quantum dots a) the non-blinking fraction (>
95% ON) for both passivation methods b) distribution on quantum dot ON% for both passivation methods. In
widefield, blinking PEACgCi,-passivated quantum dots tend to blink less than their silane-coated counterparts.
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Figure C6. Example room temperature characterization of a single PEACsCi2-passivated FAPbBr3; quantum
dot a) the single quantum dot photoluminescence spectrum is shown in blue while the black dashed lines represent

the Gaussian fit from which the emission maximum and FWHM are extracted b) photoluminescence lifetime (blue)
and stretched exponential fit (black dashed line) ¢) experimental blinking trace (blue) and CPA classified blinking
trace (black) d) photoluminescence intensity histogram e) experimental g®(t) trace (blue) and fit (black) f) CPA
identified intensity levels correlated to their measure lifetime (blue points). Dashed lines represent the Auger- and
BC-type blinking fits (Equations C8a and b) of the data while the solid black line represents the combination of both
blinking types.
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Figure C7. Example room temperature characterization of a single silane-coated FAPbBr; quantum dot a) the
single quantum dot photoluminescence spectrum is shown in orange while the black dashed lines represent the
Gaussian fit from which the emission maximum and FWHM are extracted b) photoluminescence lifetime (orange)
and stretched exponential fit (black dashed line) ¢) experimental blinking trace (orange) and CPA classified blinking
trace (black) d) photoluminescence intensity histogram e) experimental g(t) trace (orange) and fit (black) f) CPA
identified intensity levels correlated to their measure lifetime (orange points). Dashed lines represent the Auger- and
BC-type blinking fits (Equations C8a and b) of the data while the solid black line represents the combination of both
blinking types.
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Figure C8. Additional room temperature characterization of single quantum dots a) Distribution of emission
maxima. Silane-coated quantum dots have a slightly broader distribution consistent with the broader size distribution
seen in TEM. b) Distribution of change in maximum intensity over 600 seconds. On average PEACsC,-passivated
quantum dots lose five times more intensity than silane-coated quantum dots. ¢) Distribution of single quantum dot
average lifetimes. On average silane-coated quantum dots have a slightly longer lifetime. d) Distribution of single
quantum dot lifetime homogeneity (beta) factors. On average silane-coated quantum dots tend to have slightly more
homogenous lifetimes. Distributions of €) BC and f) Auger character determined from FLID fitting. Silane-coated
quantum dots tend to have more Auger mediated blinking in comparison to PEAC3C 2-passivated quantum dots.
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Figure C9. Example 4K characterization of a single PEACsCr2-passivated FAPbBr3; quantum dot a) spectral
diffusion trace consisting of 600 spectra with a 1s integration time acquired in two batches of 300 with a 600 s
period of TTTR data acquisition in between. The average single frame (SF) spectrum has a peak emission energy of
2.366 eV and a FWHM of 18.5 meV b) the time integrated (TI) spectrum of the quantum dot which is the sum of the
qualifying SF spectra. The TI spectrum has a peak emission energy of 2.366 eV and a FWHM of 20.4 meV c¢)
experimental blinking trace (blue) and CPA classified blinking trace (black) d) photoluminescence intensity
histogram e) experimental g®(t) trace (blue), and fit (black) f) photoluminescence lifetime (blue) and biexponential
fit (black dashed line) g) CPA identified intensity levels correlated to their measure lifetime (blue points). Dashed

lines represent the Auger- and BC-type blinking fits (Equations C8a and b) of the data while the solid black line
represents the combination of both blinking types.
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Figure C10. Example 4K characterization of a single silane-coated FAPbBr; quantum dot a) spectral diffusion
trace consisting of 600 spectra with a 1s integration time acquired in two batches of 300 with a 600 s period of
TTTR data acquisition in between. The average single frame (SF) spectrum has a peak emission energy of 2.354 eV
and a FWHM of 19 meV b) the time integrated (TI) spectrum of the quantum dot which is the sum of the qualifying
SF spectra. The TI spectrum has a peak emission energy of 2.354 eV and a FWHM of 26 meV ¢) experimental
blinking trace (orange) and CPA classified blinking trace (black) d) photoluminescence intensity histogram e)
experimental g®(t) trace (orange), and fit (black) f) photoluminescence lifetime (orange) and biexponential fit
(black dashed line) g) CPA identified intensity levels correlated to their measure lifetime (orange points). Dashed

lines represent the Auger- and BC-type blinking fits (Equations C8a and b) of the data while the solid black line
represents the combination of both blinking types.
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Figure C11. Additional 4K photoluminescence characterization a) Distribution of average single quantum dot
emission maximum at short (1s) integration times b) Distribution of average single quantum dot linewidths at short
(1s) integration times ¢) Distribution of single quantum dot emission maximum at long (600 s) integration times d)
Distribution single quantum dot linewidths at long (600 s) integration times
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Figure C12. Evidence for Photodegradation at 4K a) Distribution of the change in FWHM between short (1s) and
long (600s) integration times. Silane-coated quantum dots FWHMs have broadened twice as much as PEACsC»-
passivated quantum dots. b) Distribution of the change in the short integration time emission maximum over twenty
minutes of illumination. On average, silane-coated quantum dots have blue shifted three times more than PEACsC -
passivated quantum dots. ¢) Correlation between changing linewidth and a blue shifting emission maximum. In both
samples the broadening of the linewidth with long integration times is strongly correlated with blue shifting
emission. d) Average intensity of single quantum dot emission in time extracted from photoluminescence spectra.
On average, PEACsC»-passivated quantum dots have higher intensities and less variation in time. Silane-coated
quantum dots see both photobrightening and photobleaching during the measurement time and have much larger
variations in emission intensity.
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Figure C13. Additional 4K blinking characterization a) Distribution over average lifetimes for single quantum
dots over ten minutes. On average PEAC3sC2-passivated quantum dots have lifetimes 100 ps longer than silane-
coated quantum dots indicating better surface passivation by PEACsCi, at 4K. Distributions of b) BC and ¢) Auger
character determined from FLID fitting. Silane-coated quantum dots tend to have more Auger mediated blinking in
comparison to PEAC3Ci,-passivated quantum dots.
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Figure C14. Absorption cross sections determined by fitting the fluence dependent intensity to Equation C11.

Silane-coated quantum dots have an absorption cross section of 9.9E-14 ¢m? and PEACsC ,-passivated quantum
dots have an absorption cross section of 2.4E-14 cm?.
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Figure C15. 4K fluence dependent lifetimes. Selected lifetimes for a) PEACgCi»-passivated and b) silane-coated
quantum dots at minimum (0.45 nJ/cm?) and maximum (6 uJ/cm?) excitation densities. k;x and kn:x of the fluence
dependent quantum yield model are extracted from the lifetimes acquired at 0.45 nJ/cm?. Experimental fluence

dependent lifetime for ¢) PEACsCi»-passivated and d) silane-coated quantum dots compared to the lifetime

predicted from the fit fluence dependent quantum yield.
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Figure C16. Models for fluence dependent quantum yield in quantum dots a) model for quantum yield changing
only based on biexciton formation b) fit of biexciton only model to experimental data. This model fails to capture
the experimental quantum yield dynamics for silane-coated quantum dots and even with unconstrained biexciton
recombination rates the fit roll off is always too shallow. ¢) model for quantum yield changing based on the
formation of a dark charged state which can generate trions after a second absorption. d) fit of dark charged only
model to experimental data. While this model captures the experimental quantum yield dynamics, it predicts a large
steady-state population (> 80%) of the dark charged state which is inconsistent with the single quantum
characterization of these materials. €) model for quantum yield changing based on the formation of a dark charged
state which can generate trions after a second absorption and a biexciton which can convert to a trion. f) fit of mixed
model to experimental data. While this model captures the experimental quantum yield dynamics, it predicts a large
steady-state population (> 80%) of the dark charged state which is inconsistent with the single quantum
characterization of these materials. Additionally, there is no unique solution for the trion and biexciton rate constants
with this fit.
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Table C1. Comparison of exciton and biexciton state parameters extracted from fluence dependent PLQY
fit (QY) and single quantum dot blinking traces (TRPL)

Exciton Biexciton
oY 7 (ps) oy 7 (ps)
oY 0.96 523 £ 62 0.68 144 +£ 27
PEACCr TRPL 1 534 + 140 0.73+0.19 196 + 51
Silane oY 0.95 500 + 45 0.39 103+ 13
TRPL 1 525+ 120 0.60+0.13 157 + 34
A1 - b 100 .
mmmm PEACECyo | s Silane
- fit [ --- fit
-—- zpl F ——- zpl
3' opl 3’ I opl
'g -==- 0op2 'g —-== 0p2
=== trion === trion
3 biexciton B biexciton
£10! £
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= |
=) o
= =
T a—T 20 80  —-60  —40 —20 0 20

Figure C17. Components of single quantum dot 4K photoluminescence spectra for a) PEAC3C,-passivated

AE (meV)

AE (meV)

quantum dots. ZPL (A =9.2, u =0meV, 6 =6.7meV), OP1 (A=79, p=-49meV,c=6.7meV),OP2 (A=0.9,
p=-19.6 meV, 6 =6.7 meV), trion (A = 3.6, p = -20 meV, 6 = 6.7 meV) , biexciton (A =1.0, u =-36 meV, 6 =6.7
meV) b) silane-coated quantum dots. ZPL (A =13.2, n =0meV, 6 =8.8 meV), OPl (A=74,p=-49 meV,c=
8.8meV),0P2 (A=12,u=-19.6 meV, o =8.8 meV), trion (A =13.6, p = -20 meV, o = 8.8 meV), biexciton (A
=4.0, un =-44 meV, o =8.8 meV) Silane-coated quantum dots see more emission from the trion state (blue dashed
line) than PEAC;sC/,-passivated quantum dots.
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Figure C18. Photoluminescence spectra composition of single quantum dots at 4K a) exciton emission b) trion

emission and ¢) biexciton emission
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