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SYNOPSIS

CHAPTER 1: Introduction

Quantum-confined materials exhibit a remarkable optical phenomenon known as fluorescence,
in which photoexcited charge carriers relax to lower energy states through radiative emission
at longer wavelengths. Fluorescence underpins a broad spectrum of scientific, biomedical, and
technological applications and is governed by materials known as fluorophores. Among
emerging fluorophores, perovskite nanocrystals (PNCs) have attracted significant attention
owing to their outstanding optoelectronic properties, including tunable emission, narrow
spectral linewidths, high photoluminescence quantum yields, and notable defect tolerance.
These attributes make PNCs highly promising for next-generation optoelectronic devices such

as light-emitting diodes, lasers, and solar cells. -

Despite their relative defect tolerance, PNCs are not entirely free from imperfections. The
presence of trap states often gives rise to photoluminescence intermittency (blinking), while
their susceptibility to moisture, heat, and prolonged illumination can lead to rapid degradation.
Stability challenges are further exacerbated when nanocrystals exhibit heterogeneous size or
spatial distributions, often originating from limitations in synthetic protocols. Nevertheless,
perovskite quantum dots remain compelling candidates as single-photon emitters, a key

requirement for quantum communication technologies. [©7]

In this thesis, these challenges are systematically addressed through a combination of
ensemble-level and advanced single-particle spectroscopic techniques. The carrier dynamics
of lead halide perovskite nanocrystals with varying size, shape, and morphology are
investigated to uncover the underlying photophysical mechanisms that govern their
performance and limitations. In addition, the functional efficiency of these nanocrystals is

evaluated through detailed studies of energy and charge transfer processes. Recent advances in
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morphology-controlled PNCs beyond the conventional cubic structure, particularly faceted
architectures, have demonstrated superior photophysical behaviours. Motivated by these
developments, this chapter focuses on the photophysical properties of recently developed 6-
faceted cubic (c-PNCs), 12-faceted rhombic dodecahedra PNCs (d-PNCs), 26 faceted
rhombicuboctahedron PNCs (r-PNCs) highlighting their potential for advanced device
applications. 1% The chapter also provides an overview of the materials, key photophysical
concepts, and single-particle spectroscopic methodologies employed to elucidate carrier

dynamics in lead halide perovskite nanocrystals.

CHAPTER 2: Advanced Instrumentation and Methodology

This chapter presents the instrumentation and analytical strategies used to investigate light—
matter interactions in semiconductor nanostructures, with particular emphasis on techniques
capable of resolving dynamics at the single-particle level. A suite of time-resolved fluorescence
methods is employed to probe excited-state behaviour, transport, and emission intermittency.
Excited-state decay dynamics are examined using photon-timing approaches, while particle
diffusion, heterogeneity in emissive states, and lifetime fluctuations are accessed through
correlation-based analyses under tailored excitation schemes. Single-emitter photon statistics,
including intermittency and non-classical light emission, are measured using coincidence
detection in a confocal geometry, providing insight into charge trapping, carrier localization,
and nanoscale energy transfer pathways. Ultrafast optical measurements are additionally used
to capture sub-picosecond carrier relaxation and charge transfer events. Structural and
morphological properties of the nanomaterials are independently assessed using electron
microscopy and diffraction techniques, enabling correlation between optical response and
material structure. The chapter concludes with an overview of the core data analysis principles
applied throughout this work, while detailed computational workflows and representative case

studies are introduced in later four chapters.
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CHAPTER 3: Unveiling the Influence of Brightness Heterogeneity in Fluorescence
Correlation Spectroscopy of Perovskite Nanocrystals

(Ref: M. K. Panda, D. Acharjee, N. Nandi, S. Koley, S. Ghosh,* Chem. Eur. J., 2024, 30,
e202401938)

Nanoparticles, including perovskite nanocrystals that exhibit single-photon emission, pose
unique challenges for fluorescence correlation spectroscopy (FCS) because their emission
dynamics differ fundamentally from those of conventional molecular fluorophores. In these
systems, both the zero-lag correlation amplitude, g(0), and the characteristic diffusion time
extracted from FCS measurements display a pronounced dependence on excitation power.
Such behavior cannot be satisfactorily explained by optical saturation, which typically governs
power-dependent effects in dye molecules but fails to account for the response observed in
nanoparticle-based emitters. Earlier interpretations have attributed the reduction in g2(0) at high
excitation intensities to an apparent increase in particle number within the detection volume,
arising from mechanisms such as photoactivation or optical trapping. However, advanced FCS
experiments employing pulsed interleaved excitation (PIE) at two distinct power levels
demonstrate that these mechanisms do not govern the observed trends.

By correlating ensemble FCS measurements with single-particle photoluminescence
trajectories, we identify brightness variability among individual nanoparticles as the primary
origin of the excitation-power dependence seen in conventional FCS. This intrinsic
heterogeneity, manifested as stochastic blinking, leads to substantial deviations of the
correlation curves from ideal behaviour, particularly at elevated pump intensities. While minor
contributions from saturation cannot be completely excluded, they play only a secondary role.
Notably, when pulsed interleaved excitation FCS (PIE-FCS) is employed, both g2(0) and the
diffusion time become largely independent of excitation power, in stark contrast to their strong

power sensitivity under continuous-wave excitation. This finding conclusively eliminates
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photo-brightening and optical trapping as dominant factors influencing FCS measurements of
nanoparticles at high excitation densities.

Further insight is obtained from single-particle intensity time traces, which reveal that
nanoparticle blinking follows power-law statistics, with excitation-dependent ON and OFF
transition rates. The coexistence of power-law intermittency and diffusive motion, coupled
with overlapping timescales, precludes the use of standard analytical models for quantitative

fitting of FCS data.
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As a result, brightness heterogeneity can easily masquerade as other excitation-induced
phenomena if not properly accounted for. Our analysis shows that increasing excitation power
qualitatively alters the FCS response across all correlation times due to changes in the OFF-
time statistics, underscoring the need for caution when applying high excitation powers in FCS
studies of strongly blinking nanomaterials. Ultimately, rigorous theoretical and computational
modelling will be required to establish a quantitative framework linking power-law blinking
dynamics to their impact on FCS observables.

CHAPTER 4: Facet Dependent Photoluminescence Blinking from Perovskite
Nanocrystals

(Ref: M. K. Panda, D. Acharjee, A. B. Mahato, S. Ghosh,* Small 2024, 20, 2311559)

Emission fluctuations in nanoparticles are commonly viewed as an obstacle for optical
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imaging, yet these fluctuations can become a desirable feature for advanced display
technologies if charge states are deliberately and reversibly controlled. Realizing such control
depends on a clear understanding of how charges are generated, stored, and released at the
nanoscale. Although electrochemical methods have been widely used to stabilize charged
excitonic states and regulate emission dynamics in various nanomaterials, approaches that rely
on intrinsic surface characteristics have received little attention in the context of perovskite
nanocrystals (PNCs). Modifying surface structure therefore presents an attractive and
chemically accessible pathway for influencing photoinduced charging behaviour.

Here, we show that engineering the crystallographic facet architecture of PNCs leads to
pronounced differences in their emission intermittency. Analysis of time-resolved
photoluminescence from individual nanocrystals reveals a clear rise in the fraction of dark
states as the number of exposed facets increases from six to twenty-six. This behaviour suggests
that nanocrystals with higher number of facets are more susceptible to light-driven charge
accumulation. The increased sensitivity to photo charging can be traced to the polar nature of
additional facets and the expanded surface interface, both of which enhance the likelihood of
charge localization. Supporting evidence from fluorescence correlation spectroscopy (FCS)
further indicates that facet-rich nanocrystals more readily associate with nearby molecular
species, promoting charge-transfer interactions that favour photo charging.

Direct comparison between ensemble measurements in solution and single-particle
experiments in the solid state uncovers a strong morphology-dependent contrast in blinking
behaviour. In solution, where long-lived charging is largely suppressed, nanocrystals of
different shapes exhibit similar emission dynamics. In the solid state, however, nanocrystals
with a higher number of facets display significantly greater probabilities of entering charged
states, leading to a substantial increase in dark-state occupancy. This behaviour originates from

a combination of factors inherent to extra-faceted nanocrystals, including polar surface

24|Page



terminations, enhanced interactions with environmental charge scavengers, and increased
surface area. These influences are largely neutralized in solution, resulting in uniformly lower

dark-state populations regardless of morphology.

Extra Faceted — More Trion

Further analysis of the underlying recombination pathways reveals that, when photo charging
is negligible, emission intermittency in solution is governed primarily by non-blinking channel
recombination mediated by shallow traps near the band edge, despite the intrinsically high
defect tolerance and strong photoluminescence efficiency of the PNCs. In contrast, at the
single-particle level, Auger recombination dominates the blinking process and exhibits a
pronounced dependence on nanocrystal shape. This sensitivity of Auger-driven blinking to
surface morphology provides a practical means to tune emission behavior through deliberate
surface design. Altogether, these findings demonstrate that facet engineering offers a powerful
strategy for controlling photoluminescence intermittency and positions extra-faceted
perovskite nanocrystals as compelling candidates for future display technologies.

CHAPTER 5: Hot Carrier Trapping in Light-Soaked Mixed Phase CsPbls Perovskite
Nanocrystals

(Ref: M. K. Panda, D. Acharjee, A. B. Mahato, S. Ghosh,* Adv. Optical Mater. 2025,
13, 2402899.)

Red-emitting CsPbls perovskite nanocrystals (r-PNCs) have attracted considerable attention
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for optoelectronic applications because of their narrow bandgap, yet their performance is
severely limited by pronounced photoluminescence (PL) blinking and photoinduced structural
instability. Under ultraviolet illumination, the optically bright and structurally stable a-phase
rapidly evolves into a poorly emissive mixture of 8- and y-phases, whereas nanocrystals
synthesized using advanced protocols can retain their a-phase and high PL intensity for
extended periods in the dark. To elucidate the mechanisms underlying these contrasting
behaviors, we systematically investigate PL intermittency and carrier recombination pathways
in both a-phase and light-transformed mixed-phase r-PNCs. Single-particle measurements
reveal that even nanocrystals initially stabilized in the a-phase experience rapid structural and
electronic modifications during optical excitation, as reflected by a gradual reduction in ON-
state emission intensity and corroborated by changes in X-ray diffraction patterns. Detailed
blinking analyses using fluorescence lifetime—intensity distribution (FLID) mapping and
fluorescence lifetime correlation spectroscopy (FLCS) demonstrate that freshly prepared -
phase r-PNCs are dominated by dynamically fluctuating shallow trap states located near the
band edge. These traps act as multiple non-radiative recombination centers, giving rise to short-
lived blinking events. In contrast, prolonged light exposure generates mixed-phase
nanocrystals characterized by the emergence of long-lived trap states, which promote
dispersive blinking behavior governed primarily by hot-carrier recombination. A combined
single-particle and ensemble-level investigation, incorporating intensity—lifetime scaling,
FLID analysis, and FLCS measurements, uncovers fundamentally distinct recombination
landscapes in the two structural phases. In a-phase nanocrystals, blinking is largely controlled
by shallow trap-assisted non-blinking channel (NBC) recombination, with only a minor
contribution from hot-carrier pathways. Conversely, mixed-phase nanocrystals exhibit blinking
dominated by deep trap-mediated hot-carrier recombination, accompanied by additional

contributions from trion formation and NBC processes. FLCS measurements further confirm
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the enhanced role of trap states in mixed-phase systems, with the appearance of a characteristic
growth feature at short correlation times providing direct evidence for the dynamic nature of

shallow traps in solution-dispersed nanocrystals.
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By clarifying how phase evolution and trap-state energetics govern carrier dynamics in red-
emitting CsPbls nanocrystals, this work delivers critical insights for improving their
photophysical stability. These findings establish an essential foundation for the rational
engineering of perovskite nanocrystals and advance their prospects for integration into high-
performance optoelectronic and photovoltaic devices.

CHAPTER 6: Unveiling Facet-Controlled Energy Transfer from Individual Perovskite
Nanocrystals to Dyes

(Ref: M. K. Panda, S. De, A. B. Mahato, S. Ghosh,* ACS Energy Lett. 2025, 10, 4834-4841)
Expanding the facet count of CsPbBrs perovskite nanocrystals from conventional cubic (6
facets) to more complex geometries with 12 and 26 facets-while keeping the overall surface
area nearly constant leads to a pronounced improvement in energy transfer (ET) performance
in nanocrystal-dye hybrid systems, as evidenced by ensemble-level solution studies. The dye
employed in this work is 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate

(DilC18). The observed enhancement arises from stronger dye—nanocrystal interactions in
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facet-rich structures, a conclusion supported by fluorescence correlation spectroscopy (FCS)
measurements and double-reciprocal analysis of steady-state emission data.

When examined at the single-particle level, the ET efficiency normalized per dye molecule
remains nearly identical across nanocrystals with different facet numbers. To quantify this, per-
dye ET efficiencies were extracted using laser-induced stepwise photobleaching of individual
dye molecules at the single-particle scale. The ET process is found to proceed predominantly
via a Dexter-type mechanism. In DilC18, the long alkyl chain [-(CHz):7—CHs], denoted as “R,”
extends outward from the chromophore, while the emissive core consists of two nitrogen-
containing indoline units that are intrinsically polar and responsible for fluorescence.
Analogous to oleylamine binding, these polar nitrogen centers are expected to interact directly
with the nanocrystal surface, facilitating short-range Dexter energy transfer and bypassing the

need for spectral overlap that is typically required for resonant ET processes.
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facet densities exhibit superior charge extraction capabilities compared to their cubic
counterparts, attributable to their enhanced surface binding affinities. Taken together, these
results establish facet engineering as a powerful and general approach for tuning interfacial

interactions in perovskite nanocrystals. The exceptional performance of extra-faceted CsPbBrs;
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nanocrystals underscores their strong potential for advanced applications in photovoltaics,
photocatalysis, sensing, and light-harvesting technologies.
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Summary

This thesis is divided into six chapters. The first chapter is the introductory chapter and it
discusses about the nanomaterials we have used and its photophysical properties. It also tells
the approaches we have applied to study the photophysics of those nanomaterials. Second
chapter is all about the instrumentation techniques we have applied and rigorous data analysis.
The next four chapters are the working chapters. The third chapter explores fundamental
understanding of photoinduced brightness heterogeneity present in every nanomaterial and
how easily it has been misinterpreted by photo brightening or optical trapping. An advanced
PIE-FCS technique has been used to verify this phenomenon. Fourth chapter introduces facet
engineered lead halide perovskites and their single particle blinking which concludes more
facet gives you more room for interaction with the surface sentimental molecules which
ultimately creates more trap defects. Thus, the blinking mechanism changes from less facet to
more facet concluding more facet gives more trion. In the next chapter i.e., the fifth chapter we
have explored the changes in trap states and optical properties in various phases of red
perovskite and found that upon illumination the phase changes from emissive to non-
emissive/low emissive. While the immobilized states dictate towards dominance of hot carrier
trapping and trion formation in photobleached state, mobilized state nullifies the trion
formation and supports multicarrier recombination model to explain the blinking behavious in
solution state. The last chapter i.e., sixth chapter explores the effectivity of energy transfer
efficiency from faceted nanocrystals to organic dye. Higher facet shows higher energy transfer
efficiency via dexter pathway. Though efficiency increases with facet in ensemble study, single
particle study tells similar per-dye efficiency irrespective of facetes. Across the working
chapters, rigorous single-particle spectroscopy has been used to uncover the intrinsic

photophysics of these nanomaterials before their deployment in practical optoelectronic
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devices. We hope that the insights from this thesis will inspire young researchers and contribute
to the informed design of next-generation quantum communication and photovoltaic

technologies.
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LIST OF SCHEMES

SL Scheme Scheme Caption Page
No. No. No.
1. 1.1. [llustration of size-dependent bandgap. In nanocrystals, 59

quantum confinement leads to an increase in the band gap with
decreasing particle size, resulting in the formation of more
discrete energy levels near the band edges.

2. 1.2. Jablonski diagram: Illustrating after excitation many optical 69
processes occur. The exited photon relaxes back by both non-
radiative and radiative processes.

3. 1.3. Representation of auger assisted carrier recombination. 70

4. 1.4. Mechanism of radiative recombination pathway and trap 71
induced recombination via radiative and non-radiative channel.

5. 1.5. [llustration of mechanistic pathways of energy transfer from 73
perovskite nanocrystals (donor) to organic dye molecule
(acceptor).

6. 1.6. Representation of how photo induced charge transfer happens 74
from perovskite nanomaterials to a hole or electron scavenger.

7. 1.7. PL blinking and the probable mechanism for ON/OFF eventsin 78
a nanocrystal. This model is based on auger mediated non-
radiative recombination called AC blinking.

8. 1.8. Trapping-detrapping model: When radiative rate is way more 79
than trapping rate of the charged carrier then ON state is

observed (upper panel), when k; and k; is comparative, gray
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10.

11.

12.

13.

14.

15.

16.

1.9.

2.1.

2.2.

2.3.

2.4.

2.5.

5.1.

5.2

state fluctuations are observed and when trapping rate is more,
OFF state or dark state emerges.

FLID pattern of different of blinking in a nanocrystal.

Schematic diagram of time-resolved confocal fluorescence
microscope setup.

The basic concept of fluorescence correlation spectroscopy is
represented pictorially.

Schematic representation of time resolved confocal
fluorescence microscope for measuring immobilized state of

nanoparticles.

A schematic representation depicting the working principle of
the femtosecond upconversion setup.

The main components of the TCSPC setup and working
principle.

Schematic representations of (i) the different phases of r-PNCs
(top panel), (ii)) the mechanism of carrier trapping and
recombination (middle panel), and their manifestations in FLID
(bottom panel).

The MRC model describes the activation (right panel) and
deactivation (left panel) of traps in nanocrystals over time. Left
panel (traps inactive): Radiative recombination dominates
over non-radiative recombination, resulting in a higher PL
intensity for the long-lifetime state (top figure). Conversely, the

reduced probability of simultaneous radiative- and non-
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radiative recombination, leads to lower PL intensity for the
short-lifetime state (bottom figure). Right panel (traps
active): The probability of radiative recombination alone
decreases, lowering the PL intensity of the long-lifetime
component (top figure). However, the higher likelihood of
combined radiative and non-radiative recombination increases
the PL intensity of the short-lifetime component (bottom
figure). The MRC model thus predicts a PL anti-correlation
between the two lifetime states, consistent with the growth
feature observed in the CCF. The timescale of growth kinetics
TR 1s persuasive to the appearance and disappearance rates of

trap states.
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SL.

No.

Figure
No.

1.1.

1.2.

1.3.

LIST OF FIGURES

Figure Caption

(A)Ilustration of the crystal architecture of halide perovskites
described by the ABX3 composition. (B) Stability map showing
the structural viability of three-dimensional tin-based (blue) and
lead-based (red) halide perovskites as a function of the ionic radii
of the halide ions and A-site cations. The limiting regions defined
by the octahedral criterion and the tolerance factor are indicated
by dashed and solid boundaries, respectively (taken from ref. 25).
(A) Colloidal solution of perovskite NCs exhibiting composition
dependent emission over the entire visible spectral region under
UV lamp, and tunability of emission spectra with the variation of
halide (lower panel) and (B) Typical optical absorption and
emission spectra of perovskite NCs. (C) Excited state lifetime of
different perovskites with varying halide composition. Each color
lifetime curve corresponds the emission color of the NC. Adapted

from ref. 34.

(A) Common atomic-scale imperfections in lead halide
perovskites (LHPs), such as vacancies, interstitial species, and
antisite substitutions, arranged according to their relative
formation energies—ranging from the most easily formed to the
least probable—and their corresponding energetic positions

within the bandgap. (B) Conceptual comparison of the electronic

Page

No.

3B|Page



1.4.

1.5.

1.6.

band structures of defect-sensitive semiconductors and lead halide
perovskites. In traditional semiconductors (e.g., cadmium
chalcogenides), the energy gap arises from the separation between
bonding and antibonding electronic states. As a result, structural
imperfections and dangling bonds typically introduce localized
electronic states deep within the bandgap, acting as efficient
nonradiative recombination centres. In contrast, in lead halide
perovskites the valence and conduction band edges are derived
from antibonding states. Consequently, defect-induced states are
energetically positioned close to the band edges or merge into the
bulk bands, forming shallow traps that have a minimal impact on
radiative recombination and the overall optical response. Adapted
from ref.37

PL trajectory for a perovskite QD showing random intensity
fluctuations. High intensity state (grey strip) is called ON state or,
Bright state and low intensity region (light blue strip) is called
OFF state or, Dark state and corresponding confocal image of well
dispersed spin coated QDs in a glass coverslip under a laser.
Probability of ON and OFF events for a particular QD and
corresponding fitted lines from the above-mentioned equation.
Single particle study to ensure the single photon emitting property
of a nanoparticle. (A) Photon antibunching study which shows
very low g%(0) amplitude showcasing its high single photon purity,

(B) The Single photon emission of a nanoparticle recorded in a
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10.

11.

2.1.

3.1.

3.2

3.3.

34.

EMCCD camera in a spectrograph showing time dependent
intensity fluctuations of a single QD.
Our confocal fluorescence microscope setup (PicoQuant) with

spectrograph (ANDOR).

TEM images and particle distribution in (A) cubic PNC (B)
Dodecahedron PNC, (C) Rhombicuboctahedron PNC, (D)
CdSe/CdS QD (E) GQDs and (F) AFM image and hight profile of
three GQDs 1, 2 & 3.

Absorption (dotted line) and PL (solid line) spectra of (A) c-
PNCs, (B) d-PNCs, (C) r-PNCs, (D) CdSe/CdS QDs in toluene
and (E) GQDs dispersed in ethanol under ambient conditions.
Powder XRD pattern of (F) GQDs, (G) ¢-PNCs, (H) d-PNCs, and
(I) r-PNCs.

DLS studies of PNCs. The studies show the narrow size
distributions of (A) ¢c-PNCs, (B) d-PNCs, and (C) r-PNCs, (D)
CdSe/CdS QDs dispersed in toluene and (E) GQDs dispersed in
ethanol. EDAX spectrum of (F) c-PNCs and (G) QDs. Insets show
the atomic percentage of constituent elements. Surface group
characterizations of (H) c-PNCs, (I) QDs, and (J) GQDs by
Fourier transform infrared (FTIR) spectroscopy studies show the
presence of COOH, N-H, and O-H groups in the NP surface.
Vibrations of C=C, C=N, and C-N= are also detected for GQDs.

(A) Scemetaics of PIE FCS experimental set-up. PIE pulses

consist of low-power PLr (~422 nm) and high-power SLr (~375
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12.

13.

14.

3.5.

3.6.

3.7.

nm) with a pulse switching rate of 1/(100 ns) (B). While the
intensity of PLr (Ipry) was fixed at ~0.04 kW/cm?, the power of
SLr (Is.r) was stepwise increased from ~0.04 kW/cm? to ~1.2
kW/cm? in 5 different sets of experiments.

Time gating scheme for PIE FCS. Our PIE scheme uses two
excitation cycles: (i) 375 nm high-intensity SLr (for photo-
brightening) and (ii) weakly intense 422 nm PLr (for FCS
recordings). A 100 ns delay separates these two cycles. Utilizing
time-tagged-time-resolved (TTTR) mode and subsequent time-
gating enabled us to not only the extractions of PL-photons related
to PLr excitation cycle in the presence of the SLr cycle but the
unwanted PL-photons related to SLr excitations are also
simultaneously discarded. PL-photons related to PLr excitations
are correlated to construct FCS curves at different intensities of
SLr.

(A-F) Conventional (A-C) and PIE (D-F) FCS curves of c-PNCs
(A, D), r-PNCs (B, E), and QDs (C, F), dispersed in toluene. The
pump power in conventional FCS and SLr power in PIE FCS were
varied stepwise from ~0.04 kW/cm? to ~1.2 kW/cm?. Only the PL
photons related to PLr excitations are correlated in PIE FCS (D-
F).

(A-B) Conventional FCS curves of r6g (A) and GQD (B) as a
function of excitation intensity (Ip). For r6g, Ip was varied from

~0.08 times saturation intensity (Is) to 0.3xI;.
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15.

16.

17.

3.8.

3.9.

3.10.

Conventional FCS curves of c-PNCs dispersed in toluene (top)
and octadecene (bottom) at different excitation powers (0.04
kW/cm?-1.2 kW/cm?). Identical experimental conditions and
similar sample concentrations were maintained in both
experiments. Due to the higher viscosity of octadecene, the
residential time of NPs in the excitation volume would be much
longer in octadecene as compared to toluene. Even after that, the
change in g?(0) with power remained similar in both the solvents
for similar changes in excitation power. If photo brightening had
caused reduced g(0) at elevated power, we would have observed
more reduction of g%(0) in octadecane. No such observation rules
out the involvement of photo brightening in the observed FCS
phenomenon.

Steady-state PL intensity of c-PNCs (dispersed in toluene) as a
function of time under UV irradiation (~365 nm, ~0.4 mW/cm?).
The plots show the relative PL intensity [1(t)/I(0)] of c-PNCs as a
function of irradiation time. Experiments were performed in a
quartz cuvette and repeated two times, showing identical
deteriorations of PLQYs of PNCs even in the presence of weakly
intense UV light. The inset shows typical PL spectra of PNCs at
different irradiation times. This observation is clearly in contrast
with the photo-brightening phenomenon.

The fluorescence count rate as a function of pump intensity (Ip)

for (A) r6g (B) c-PNC, and (C) QD, showing signal saturation as
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18.

19.

3.11.

3.12.

Ip increases. Saturation intensities (Is) were derived from fitting
the plots by Equation 3.1.

Graphs depicting occupancy (N) and diffusion time (1p) as a
function of pump intensity (Ip) plotted on the absolute scale along
the bottom x-axis, and relative to saturation intensity (Is) along the
top x-axis, respectively, for (A) r6g (B) c-PNC and (C) QD. r6g
data in Figure A illustrates that the saturation effect can change
FCS parameters only when pump intensity reaches >0.4xI.
However, for ¢c-PNC and QD, N, and tp apparently increase >6-
to-9 folds (N) and >2 times(tp), respectively, as the excitation
power changes within a range much lower than their respective
Iss; ie., from ~ 0.0003xIs (0.04 kW/cm?) to ~0.010xIs (1.2
kW/cm?). Therefore, saturation alone can’t explain the significant
power dependency of the FCS curves of our NPs.

(A-C) The second-order cross-correlation functions [g®]
recorded on individual surface immobilized c-PNC (A), QD (B),
and GQD (C), under low pump intensity [excitonic occupancy
~<0.008, Aex ~422 nm]. While g® of c-PNC and QD exhibits a
dip at time zero, GQD excludes this feature, implying unlike the
other two, GQD is not a single quantum emitter. (D) PL intensity
trajectories recorded on a single QD at different intensities show
a larger OFF state fraction at high pump intensity, accompanied
by a higher ON/OFF switching rate. We attribute this behavior to
brightness heterogeneity. (E) GQD's PL trajectory comprises only

ON states with a uniform intensity distribution unaffected by
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20.

21.

3.13.

3.14.

excitation power, indicating minimal brightness heterogeneity. In
all the cases, NPs were embedded in the PMMA matrix.

(A-C) Probability distribution of OFF-times for c-PNC (A), r-
PNC (B), and QD (C) at differnt pump intensities along with the
fitted lines, showing their OFF-times are not only power-law
distributed but also extended across all time scales, that can
influence the entire FCS curves of these NPs based on the
excitation power.

FLIDs of (A, D) c-PNC, (B, E) QD and (C, F) GQD at low (upper
panel) and high (lower panel) pump-intensities, obtained from
correlating single particle lifetime (tp) and intensity (Ipr)
histograms shown on the top (tpr histogram) and right side (IrL
histogram) of the FLID plots. The occurrence probability of a
given state in the tpr-IpL space is represented by false color,
changing from red (most probable) to blue (least probable). While
the single photon emitter NPs exhibit occurrence probabilities of
ON (bright) and OFF (dim) states in IpL-tpL Space are pump-
intensity dependent, multichromophoric GQD keeps ON state
probability unity irrespective of the excitation power (C, F). This
observation suggests that except for GQD, all other NPs exhibit a
pronounced brightness heterogeneity at a high pump intensity, as
indicated by the shape-changing of their probability states from
near-circular or oval at low intensity (A-B), to distorted ones
comprised of multiple sub-states with non-negligible probabilities

at high intensity (D-E).
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23.

4.1.

4.2

(A—C) HRTEM images of PNCs with 6-facets (cube, c-PNC) (A),
12-facets (dodecahedron, d-PNC) (B), and 26 facets
(thombicuboctahedron, r-PNC) (C), (D) The powder XRD
patterns of (A) c-PNCs, (B) d-PNCs, and (C) r-PNCs closely
resemble with the reported ones. (G) PL lifetime curves of all
three PNC samples dispersed in toluene. Lifetimes were recorded
at their respective emission peak positions. Samples were excited
by a ~405 nm diode laser (IRF ~ 90 ps). (H, I, K, L) XPS patterns
of d-PNC (full range and survey scan), along with peak
assignments. (J) PL (Aex ~400 nm) and absorption spectra of
PNCs dispersed in toluene.

PL spectra of ¢c-, d-, and r-PNCs dispersed in toluene when excited
at 400 nm, normalized by their respective ODs at 400 nm at
different dilutions (up to 5x) in the presence (A,C,E) and absence
(B,D,F) of 3% PMMA. Insets show PLQYSs as a function of the
dilution factor. In the absence of PMMA, PLQY decreases for all
three samples with dilution but remains nearly the same in the
presence of PMMA. (G-I) Second-order cross-correlation
functions [g*(t)], recorded on three randomly selected PMMA
embedded dots (particle numbers 1, 2, and 3 in the above confocal
images) from each PNC sample. We observed nearly 30-40%
photon-coincidence fraction, which is expected for our bigger-
sized particles due to the slower Auger recombination rate
reported earlier by Masuo and coworkers using similar-sized

particles.[! (J-L) Few representatives of the PL trajectory of c-
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4.3.

PNC without PMMA, show photodegradation within the first 60
s of exposure. The right sides of the main figures show
corresponding intensity histograms with larger populations of
OFF-states. (M) PL intensity decay curves were recorded from
two ¢c-PNCs, one embedded in PMMA and the other on the bare
coverslip. Faster decay of the latter signifies photodegradation.
This trend is consistent across repeated studies involving other
particles. (N) An example of a typical PL trajectory of PNC
embedded in PMMA is considered a stable particle if the average
ON-state intensity remains stable for at least 3 minutes and the
emission spectra collected during the first and the last 30 s remain
identical in their peak PL positions and FWHMs. This behaviour
cannot be obtained without PMMA. A 422 nm pulse laser (5 MHz
repetition rate) with Ip ~2 W/cm? was used for the excitation. (O)
TEM images of r-PNCs at single particle dilution. Insets show
high-resolution images. Structural integrity is preserved even at
single-particle dilution.

PL intensity trajectories (upper panel, 20 ms binning time) along
with statistical distributions of intensities (middle panel) and PL
dynamics of ON and OFF states (lower panel) recorded in single
dot measurements on c-PNC (A, D, G), d-PNC (B, E, H), and r-
PNC (C, F, I). PL lifetime profiles of ON and OFF states are
constructed by the photons collected from the highest and lowest
intensity regimes of the PL trajectories shown by pairs of

horizontal slabs of similar colors with lifetime curves. A ~422 nm
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27.

4.4.

4.5.

4.6.

pulse laser (=5 MHz repetition rate and =150 ps IRF) with
excitation power (Ip) ~2 W cm 2 was used for the excitation.

PL intensity blinking (A) and lifetime blinking (B) recorded
simultaneously on the same d-PNC dot show an excellent
correlation.

FLID maps were obtained by correlating intensity (along the
vertical axis) and lifetime (along the horizontal axis) histograms
of (A) ¢c-PNC, (B) d-PNC, and (C) r-PNC. The probability of
occurrence of a given state within FLID is depicted by a color
change from red, indicating the highest probability, to blue,
indicating the lowest probability. Linear correlation of intensity
and lifetime in Figure A implying NBC recombination, whereas,
linear and nonlinear correlations in Figure B are attributed to NBC
and trion recombination. The red triangle in Figure C shows trion
emission. (D-F) Pump-fluence dependent FLID maps of d-PNC.
The occurrence probability of a given state within FLID is
represented by a color change from red with the highest
probability to blue with the lowest probability. Both NBC (linear
trajectory) and Auger (nonlinear trajectory) blinking are present
at low fluence, whereas Auger blinking predominates over NBC
at high fluence.

(A) Probability distribution of ON-times of d-PNC at different
pump powers (Ip). Inset shows the photocharging probability
(1/7¢) as a function Ip. (B) Probability distribution of ON-times of

all three PNCs under low excitation power [<N> ~0.008], along
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29.

30.

4.7.

4.8.

5.1.

with a fit to tPexp(-t/tc) (dashed lines) yielding different tcs based
on the number of facets.

FCS curves of all three PNCs (symbols) dispersed in toluene. A
~422 nm pulse laser with a repetition rate of 5 MHz, and IP ~5
W/em?2 was used for the excitation.

(A, B) FCS curves of c-PNCs (A) and r-PNCs (B) dispersed in
toluene at different NMA concentrations. A much steeper slope of
“Ar versus [NMA]” plot (inset) of Figure B than that of Figure A,
suggests a greater binding affinity of extra-faceted r-PNCs with
NMA. A ~422 nm pulse laser with a repetition rate of 5 MHz, and
Ip ~5 Wcem 2 was used for the excitation. Quenching of PL
intensity and lifetime of PNCs (C, D for ¢-PNC and E, F for r-
PNC) dispersed in toluene by NMA. Lifetimes were recorded at
emission peak positions. The samples were excited by ~405 nm
diode laser (IRF ~ 90 ps). (G) Lifetime and steady-state (inset)
Stern-Volmer plots of quenching of PL lifetime and intensity of
cPNC (blue balls) and r-PNC (red balls) by NMA. Apparent
quenching rates (kPCT) are found to be similar for both the
samples and reach close to diffusion-controlled rate.

(A) TEM image and corresponding size distribution of
synthesized CsPbI3 NCs. (B) PLQY of r-PNCs (along the y-axis)
as a function of (i) days of storage, depicted in the blue curve, and
(i1) UV illumination time shown in the green curve. & (C) PL
spectra of r-PNCs (in toluene), recorded after UV irradiation for

different time intervals. A freshly prepared r-PNC sample loaded
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5.2.

in a cuvette was placed in front of the UV lamp (~350 nm) for
phase transformation. (D) XRD spectra of freshly prepared r-
PNCs (brown line), resembling the o-phase, and after UV
irradiation for 14 hours (black line), matching the reported
patterns of the & and y phases. Blue, green, and red lines
correspond to the reference diffraction peaks for a, o, and vy

(L12,141747] (E) Absorbance and emission spectra of a-

phases.
phase and converted mixed-phase respectively after UV
illumination. (G) PL Lifetime change during phase change. (H)
Confocal scanning image of r-PNCs embedded in PMMA matrix
in false color. The inset shows single-particle PL spectrum with 3
seconds accumulation time, not specific to ON or OFF state. (I)
The second-order cross-correlation function [g%(t)] from a
confocal spot under ~3 MHz pulsed laser excitation shows sub-
Poissonian statistics, confirming single-photon emission.

(A) Single-particle PL spectra recorded from the same freshly
prepared nanocrystal after laser irradiation for different durations:
~0 seconds (red), ~350 seconds (green), and ~480 seconds (blue).
Experimental conditions, including excitation wavelength (~375
nm) and power density (~4 W/cm?), were consistent with those
used in the PL blinking study. The 0-second spectrum corresponds
to the a-phase nanocrystal, while the 480-second spectrum
represents  mixed-phase  nanocrystal. (B-C)  Statistical

distributions of FWHMs (B) and PL peak positions (C) for a-

phase (red) and mixed-phase (blue) nanocrystals. (D-F) Single-

195
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32.

33.

5.3.

5.4.

particle PL spectra recorded from three additional randomly
selected nanocrystals. All experiments were performed at room
temperature.

(A) PL intensity (upper panel) and lifetime (lower panel)
trajectories of a single r-PNC recorded using a ~375 nm pulsed
excitation laser at low power density (~2 W/cm?). The vertical
green dotted line indicates the phase change from o to mixed (& +
v), with carrier dynamics analyzed separately for both phases. (B-
C) Time-resolved PLs of OFF (green) and ON (red) states of the
a-phase (b) and mixed-phase (c), derived from low- and high-
intensity regions of PL intensity trajectory. (D-F) Fluorescence
lifetime intensity distribution (FLID) maps in false color,
correlating intensity-, and lifetime-histogram, derived from PL
intensity- and lifetime-trajectory with different lengths: (D) full
length (a-and mixed-phase), (E) up to 300 s (only a-phase), and
(F) after 300 s (only mixed-phase). The change in occurrence
probability of a state in FLID is indicated by intensity change with
higher intensity implies a larger probability.

(A, C) The same PL intensity trajectory (upper panel, A) and
corresponding lifetime trajectory (lower panel, C) from Figure
5.2A were further analyzed here by zooming in on specific regions
within the o phase (yellow slab) and mixed-phase (green slab). (B,
D) The zoomed-in intensity (black line) and lifetime (blue line)
trajectories for the o phase (upper panel, B) and the mixed phase

(lower panel, D) are overlaid to highlight non-correlative
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35S.

5.5.

5.6.

behaviour due to HC recombination. Such behaviour,
characterized by intensity drops with insignificant changes in PL
lifetime, was frequently observed in both the phases, with a higher
density of occurrences in the mixed phase compared to the a
phase.

(A) PL intensity (upper panel) and lifetime (lower panel)
trajectories of a single r-PNC recorded using a ~375 nm pulsed
excitation laser at high power density (~20 W/cm?). The vertical
green dotted line indicates the phase change from a to mixed, with
carrier dynamics analyzed separately for both phases. (B-C)
Time-resolved PLs of OFF (green) and ON (red) states of the a-
(B) and mixed-phase (C), derived from low- and high-intensity
regions of PL intensity trajectory. (D-F) Fluorescence lifetime
intensity distribution (FLID) maps in false color, correlating
intensity- and lifetime-histogram derived from PL intensity- and
lifetime-trajectory with different lengths: (D) full length (a-and
mixed-phase), (E) up to 190 s (only a-phase), and (F) after 190 s
(only mixed-phase). The change in occurrence probability of a
state in FLID is indicated by intensity change with higher intensity
implies a larger probability. All experiments were performed at
room temperature.

(A, B, E, F) Representatives of probability distribution functions
of ON and OFF time durations (pon and porr), derived from low
power PL intensity trajectories of two randomly selected

nanocrystals. (C, G) Statistical distributions of power-law
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36.

5.7.

coefficients mon and morr whose average values represent the
relative carrier trapping and detrapping rates in nanocrystals. [41:48]
(D, H) Schematics of carrier trapping (black arrow) and de-
trapping (white arrow) in both phases with potential wells.
Figures in the upper panel represent the a-phase, whereas the
lower panel figures are related to the mixed phase. AE; and AE»
represent the activation barriers between neutral and charged
potential wells.

(A) PL spectra of nanocrystals dispersed in toluene, shown before
(a-phase) and after prolonged UV illumination (>14 hours,
mixed-phase). (B) Schematic representation of anti-correlated PL
patterns between two states with distinct PL lifetimes, evidenced
by the initial rise in the interstate cross-correlation function (CCEF,
shown in panel c), consistent with experimental observations
depicted in the insets of panels e and f. (C) Schematics of
intrastate autocorrelation functions (ACFs) for long (red) and
short (green) lifetime components, along with the interstate CCF
(red-green) illustrating the cross-correlation of the two
components. The initial growth in the CCF corresponds to the
anti-correlated PL behavior shown in panel b. (D) Time-resolved
PL of a-phase nanocrystals (grey), recorded alongside FLCS,
decomposed into two single-exponential decay profiles
representing the lifetimes of the interacting emission states. The
inset shows similar data for mixed-phase nanocrystals. (E, F)

ACFs for long (red) and short (green) lifetime states, along with
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38.

39.

40.

41.

5.8.

6.1.

6.2.

6.3.

their cross-correlation CCFs (red-green), for a-phase (E) and
mixed-phase (F) nanocrystals. Insets highlight the initial growth
feature in the CCFs with a zoomed y-axis for clarity. Panels b and
¢ are schematic illustrations and do not represent actual data. All
experiments were performed at room temperature.

Conventional FCS curves of (A) freshly prepared a-phase
nanocrystals and (b) mixed-phase nanocrystals, which were
prepared by illuminating the a-phase nanocrystals with UV light
for >14 hours. The following fitting function was used to fit the
FCS curves. ki and k> represent the trapping and de-trapping rates.
All experiments were performed at room temperature.

(A, B, C) TEM images of CsPbBrs; PNCs with varying facets.
Particle size distributions of (D) c6-PNCs (E) d12-PNCs and (F)
r26-PNCs derived from TEM images and Powder XRD patterns
of (G) c6-PNCs, (H) d12-PNCs, and (I) r26-PNCs exhibit features
consistent with previously reported results.

(A) Structure of DilC18 dye, (B) Structure PNC-DiIC18 dye
hybrid complex, (C-D) Absorption and emission spectra of
different morphological PNCs and dye and their similar spectral
overlap region (shown in gray area).

(A-B) FCS curves of PNCs in toluene at varying DilCig
concentrations (0-0.17 uM), excited at ~375 nm with low
excitation power (~2 W/cm?). Insets show the FCS amplitude of
the complexation reaction (Ar) versus DilCis dye concentration;

fitting yields binding constant K, which increases with facets. (C-
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43.

6.4.

6.5.

D) Double-reciprocal plots fitted to Equation S4 yield apparent
binding constants for NC-DilCis complexes. The results indicate
stronger binding of DilC;g with extra-faceted PNCs.

(A—C) Area-normalized PL spectra of c6-/d12-/126-PNC-DilCis
systems in hexane showing iso-emissive points, confirming ET
(Aex~ 375 nm). (D-F) TRPLs of DilCis dye (red) and PNC (green)
in PNC-DilC;3g systems, recorded at their respective PL peaks at
varying dye/PNC ratio (Aex~ 375 nm). (G) PNC PL quenching
efficiency vs. dye/PNC ratio. All these observations suggest ET
from PNC to the dye proceeds via the singlet state. (H, I) Gradual
Cl alloying of c6-PNC reduces spectral overlap, yet ET efficiency
remains comparable or higher than in undoped PNCs (I),
suggesting a Dexter-type mechanism.

(A) Confocal images showing co-localized green PL from d12-
PNCs and red PL from DilCis (Aex~375 nm, Ip ~2 W/cm?). (B)
PL intensity trajectories with 50 ms bin time exciting donor only
(Aex~375 nm) reveal three temporal behaviors: (i) donor in dark
state—no ET, no acceptor PL (left-grey slab); (ii) donor in bright
state—ET induces acceptor PL (middle-grey slab); (iii) acceptor
bleached—enhanced donor PL, no acceptor PL (right grey slab).
(C) TRPL of donor channel shows lifetime quenching before dye
bleaching, accompanied with rise component in TRPL of
acceptor’s channel, indicating ET. Acceptor channel TRPL
without PNC shows no rise. (D) 2D donor-acceptor intensity

correlation map highlighting three correlation regimes reflecting
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45.

6.6.

6.7.

ET (board pin 1), non-ET (board pin 2) and dye photobleaching
(board pin 3). (E) Second-order donor—acceptor PL correlation
function [g%(t)] exhibits antibunching, confirming ET which
results in anticorrelated donor-acceptor emissions (Aex~375 nm).
(F) Schematic of energy transfer in the PNC—dye system and the
two-arm Hanbury Brown and Twiss (HBT) scheme used for
donor—acceptor PL correlation study.

(A—C) Acceptor-channel PL trajectories recorded on individual
d12-PNCs (bright spots in Figure 6.4A) bound to varying
numbers of dyes (1-3) show stepwise photobleaching, with each
step corresponding to a single dye bleaching. (D) Histogram of
dye counts per d12-PNC, fitted with a Poisson distribution, yields
~1.3 as mean number of dyes attached per d12-PNC (<N>gy.) at
~2uM dye concentration in spin coating solution. (E)
Representative TRPL traces of single d12-PNCs without dye
(grey) and with increasing dye loading in spin coating solution
(blue to maroon). (F) Average single-particle ET efficiency
[O(N)] vs. <N>gy, fitted using Equation 6.2, yielding a near
consistent per-dye efficiency E¢~0.49 across PNC morphologies.
Single particle TRPL traces of (a) c6-PNC and (b) r26-PNC
without dye (grey) and with increasing dye loading in spin coating
solution (blue to maroon) which consequently represent how the
single particle donor lifetime changes with gradual increase in

number of dyes attached to it [<N>gye].
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6.8.

TRPLs of PNCs dispersed in hexane under varying NMA 240
concentrations recorded in TCSPC (upper panel) and
femtosecond upconversion (lower panel). Y-axis is in linear scale.
Samples were excited at 405 nm and TRPLs were recorded at their

respective PL maxima.
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Lifetime components (ti) along with their contributions (o;) at 169
different intensity levels of PL trajectories of c-, d-, and r-PNCs
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Introduction

1.1 Fluorescence

Fluorescence is a photophysical process in which a molecule or nanomaterial absorbs light and
subsequently emits light at a longer wavelength. Upon absorption of a photon, an electron is
promoted from the ground electronic state to an excited state results one hole at valance band
and one electron at the conduction band which is called exciton. Due to coulombic attraction
the electron recombines with the hole via radiative emission or non-radiative emission, we call
it excitonic recombination. This emission typically occurs on nanosecond timescales and is
characterized by a Stokes shift, where the emitted photon has lower energy than the absorbed

photon.!!]

Fluorescence of a material is a powerful tool for probing molecular structure, dynamics, and
interactions at both ensemble and single-particle levels. Owing to its high sensitivity and
temporal resolution, fluorescence underpins many spectroscopic techniques used in chemical

physics, materials science, and biological imaging.
1.2 Types of Fluorophores

Fluorophores are materials capable of exhibiting fluorescence and can be broadly classified

based on their chemical nature and emission mechanism. [!]

1.2.1 Organic Fluorophores

Organic fluorophores are small molecules containing conjugated n-electron systems. %]
Example: Rhodamine, Cyanine Dyes

Key features: High absorption cross sections, Fast fluorescence lifetimes (~1-5 ns),

Susceptible to photobleaching, widely used in biological imaging and labeling.[*

1.2.2 Semiconductor Nanocrystals (Quantum Dots)
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Quantum dots are inorganic semiconductor nanocrystals whose emission properties are

governed by quantum confinement. [>-67:8]

Examples: CdSe, CdTe, Lead halide perovskite nanocrystals

Key features: Size- and composition-tunable emission, high photoluminescence quantum yield,
enhanced photostability compared to organic dyes, exhibit single-particle phenomena such as

blinking and single photon source.

1.2.3 Lanthanide-Based Fluorophores ']

Lanthanide ions exhibit fluorescence arising from f—f electronic transitions.
Examples: Eu*", Tb**, Er**-doped nanoparticles

Key features: Long fluorescence lifetimes (microseconds—milliseconds), Sharp emission lines,
Weak absorption, often requiring sensitization, Useful for time-gated and upconversion

applications.
1.2.4 Fluorescent Proteins ['!)
Fluorescent proteins are genetically encoded fluorophores derived from biological systems.

Examples: GFP, YFP

Key features: Biocompatibility, genetically targetable, moderate brightness and photostability.

1.2.5 Plasmon-Enhanced Fluorophores ['!*]

These fluorophores interact with metallic nanostructures to modify emission behaviour.

Examples: Dye—gold nanoparticle hybrids
Key features: Enhanced or quenched fluorescence depending on distance, modified radiative

rates, useful for sensing and nano-optics studies.
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1.3 Semiconductor Nanocrystals: An Overview

A semiconductor is a solid-state material characterized by an intermediate electrical
conductivity arising from its electronic band structure, consisting of a filled valence band and
an empty conduction band separated by a finite band gap (typically 0.1-3 eV).l'*] Upon thermal
or optical excitation, electrons are promoted across the band gap, generating mobile charge
carriers (a) electrons in the conduction band and (b) holes in the valence band whose transport
and recombination govern the electrical and optical properties of the material. In direct band
gap semiconductors, radiative electron—hole recombination efficiently produces
photoluminescence, whereas indirect band gap materials require phonon assistance and exhibit
weak emission. The optical response is often dominated by excitons, bound electron—hole pairs,
whose dynamics are strongly influenced by quantum confinement, defects, and surface states
in nanostructured semiconductors.['! These factors control key processes such as radiative and
non-radiative recombination, Auger recombination, biexciton formation, and carrier trapping,
making semiconductors particularly nanocrystals central to optoelectronic applications and

single-particle spectroscopic investigations which is discussed later.
1.3.1 Quantum Confinement Effect

The quantum confinement effect is a phenomenon that occurs when the physical size of a
semiconductor nanocrystal is reduced to a scale comparable to or smaller than the exciton Bohr
radius—essentially the "natural" space an electron and its corresponding hole prefer to occupy.
In general words, this is like squeezing a vibrating guitar string into a progressively smaller
box; as the space shrinks, the vibration (energy) becomes higher and more intense. Thus, the
spatial restriction forces the electronic wavefunctions to overlap, transforming the material’s
energy spectrum from a continuous "bulk" band into a set of discrete, quantized energy levels,

much like those of a single atom.
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As a direct result of this confinement, the energy band gap (Eg) increases as the particle size

decreases, typically modelled by the Brus equation:®!

h? 1 1

Econfinement = 8RZ \my + m;) (1.1)

where R is the nanocrystal radius and m* represents the effective masses of the charge carriers.
This relationship allows scientists to "tune" the optical properties of the material; by simply

changing the size of the crystal, one can shift its light emission from red to blue (blue shift).

Bulk semiconductor Nanocrystal semlconductor

K .

Bandgap =

' O o U
Decreasing nanocrystal size

Scheme 1.1. Illustration of size-dependent bandgap. In nanocrystals, quantum confinement

Energy

¢ 1
s

leads to an increase in the band gap with decreasing particle size, resulting in the formation of

more discrete energy levels near the band edges.

This unique ability to control electronic behaviour through geometry rather than chemistry
makes semiconductor nanocrystals (or quantum dots) invaluable for everything from vibrant

television displays to high-precision medical imaging. -8
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1.4 Perovskite material and Perovskite nanocrystals

Owing to their facile synthetic routes and versatile optical properties, lead halide perovskites
(LHPs) have attracted tremendous attention from the research community. (LHPs) are a class
of semiconducting materials that have revolutionized the fields of photovoltaics and
optoelectronics over the last decade. They are defined by their unique crystal structure and
"soft" ionic nature, which allows them to be fabricated using simple, low-cost solution
processing while maintaining performance comparable to high-end semiconductors like

Gallium Arsenide (GaAs). [20-22]

The term "Perovskite" originally referred to the mineral Calcium Titanate (CaTiO3), discovered
in the Ural Mountains in 1839 and named after Russian mineralogist Count Lev Perovski.
While oxide perovskites (like BaTiOs3;) were known for decades for their ferroelectric
properties, the first synthetic halide perovskites (based on Cesium and Lead) were synthesized
by Horace L. Wells at Yale in 1892. For over a century, they remained a laboratory curiosity
until Tsutomu Miyasaka first used them as light-sensitizers in liquid-electrolyte solar cells.

Though initial efficiency was a modest 3.8%, this sparked global research "gold rush."

Lead halide perovskites follow the general chemical formula ABX;. Where, A: large cation,
typically organic like Methylammonium (CH3NH3", MA) or Formamidinium (CH(NH>),",
FA), or inorganic like Caesium (Cs"). B-site: A divalent metal cation, most commonly Lead
(Pb?*).X-site: A halide anion (CI', Br', or I'). The structure consists of a 3D network of corner-
sharing [PbXs]* octahedra, with the large A-site cations sitting in the "cages" formed between

these octahedra.

The stability of the ABX3 structure is governed primarily by geometry. The Goldschmidt
Tolerance Factor is a dimensionless number that predicts whether a set of ions can actually

form a stable perovskite lattice: (2324
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ratryx

t=———= (1.1
Taoerry D
Where ra, 18, and rx are the ionic radii of the respective components.

Empirical guidelines suggest that favourable perovskite structures are achieved when the
tolerance factor (t) lies between 0.81 and 1.0, while the octahedral factor must also satisfy the

range 0.44 < <0.9. !
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Figure 1.1. (A)lllustration of the crystal architecture of halide perovskites described by the
ABX;3 composition. (B) Stability map showing the structural viability of three-dimensional tin-
based (blue) and lead-based (red) halide perovskites as a function of the ionic radii of the halide
ions and A-site cations. The limiting regions defined by the octahedral criterion and the

tolerance factor are indicated by dashed and solid boundaries, respectively (taken from ref. 25).

In recent years, synthetically engineered metal halide perovskites have emerged as a prominent
class of materials owing to their remarkable optical and electronic characteristics, positioning
them as strong contenders for optoelectronic and photovoltaic technologies. Although metal
halide perovskites were first documented as early as 1893, initial investigations were largely
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limited to their structural aspects and exploratory use in light-emitting components and
transistor-based devices. A major breakthrough occurred in 2009 when Miyasaka and co-
workers demonstrated their successful integration into solar cells, triggering widespread
interest in the field. *”! Since then, intensive research efforts have focused on both enhancing
material performance and broadening their applicability across diverse optoelectronic

platforms.

Structurally, halide perovskites adopt the ABX3 framework, where X represents a halide anion
(CI, Br, or I), B denotes a divalent metal cation such as Pb** or Sn**, and A corresponds to a
monovalent cation, which may be inorganic (Cs*, Rb") or organic (methylammonium,
formamidinium). This compositional flexibility enables wide tunability of emission properties,
particularly through halide substitution, and allows classification into fully inorganic or hybrid
organic—inorganic systems depending on the A-site species. Rapid progress following the 2009
discovery led to dramatic improvements in solar-cell performance, with power conversion

efficiencies surpassing 25% within a decade. [27-?’]

Beyond photovoltaics, the combination of narrow emission linewidths, high color purity, and
suppressed non-radiative recombination has made halide perovskites highly attractive for light-
emitting diodes and laser applications. %!l However, bulk perovskite materials typically
exhibit limited photoluminescence quantum yields, primarily due to weak exciton binding
energies and the ease of defect formation associated with ionic migration. Thin films derived
from solution processing further suffer from heterogeneous emissive behaviours, with
pronounced photoluminescence quenching at grain boundaries arising from defect-rich

g, 13233

region I These limitations motivated a shift toward perovskite nanocrystals, which not

only significantly enhance emission efficiency but also enable access to the quantum
confinement regime, allowing precise control over optical properties via size modulation. The
34]

first reports of CsPbX3 nanocrystals in 2015 marked a pivotal advancement in this direction.
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Overall, the exceptional absorption strength, compositional and size-dependent color
tunability, defect tolerance, and favourable charge-carrier dynamics of lead halide perovskites

establish them as promising candidates for next-generation semiconductor technologies. [*% 33

The first successful preparation of colloidal CsPbX3; nanocrystals was demonstrated by
Kovalenko and co-workers at the year 2015 using a hot-injection synthesis strategy, yielding
materials with remarkably high photoluminescence quantum yields in the range of
approximately 50-90%. 4! Following this breakthrough, extensive efforts have been devoted
to both in situ synthetic optimization and post-synthetic treatments to further enhance their
optoelectronic performance and expand their applicability across multiple research domains.
One of the most attractive features of these nanocrystals is the ability to systematically tailor
their band gaps through halide composition, enabling emission tuning across the entire visible
spectrum (Figure 1.2).4 Notably, halide exchange reactions can be readily achieved under
ambient conditions, highlighting the exceptional compositional flexibility of this material

system.

Metal halide perovskite nanocrystals are characterized by a pronounced ionic bonding
character, which significantly lowers the energetic barrier for nucleation and growth, enabling
their synthesis even under ambient or near-room-temperature conditions. Following the initial
demonstrations of perovskite nanocrystals, a wide range of synthetic strategies have been
developed to precisely regulate their dimensionality, morphology, and size. *”) Organic surface
ligands play a critical role during nanocrystal formation by directing crystal growth and
simultaneously passivating surface imperfections. Commonly employed ligands such as oleic
acid and oleylamine effectively stabilize nanocrystals during synthesis; however, their weak
and dynamic binding to the nanocrystal surface has prompted continued efforts to identify

alternative ligand systems that provide stronger and more robust surface coordination. [*¢]

63| Page



Introduction

(B)

QY=50-90%
T..=1-29 ns

CsPb(Cl/Br), CsPb(I/Br),

-}
CsPbCl, CsPbBr, CsPbl, a ='F
8 e
< Er
_ FWHM 5[
o 12nm-42nm Z_
£
o | E
Z A E
i CsPbCl,
I\
400 450 500 550 600 650 700 750 3000 500 700 0 20 40 60
Wavelength (nm) Wavelength (nm) Time (ns)

Figure 1.2. (A) Colloidal solution of perovskite NCs exhibiting composition dependent
emission over the entire visible spectral region under UV lamp, and tunability of emission
spectra with the variation of halide (lower panel) and (B) Typical optical absorption and
emission spectra of perovskite NCs. (C) Excited state lifetime of different perovskites with
varying halide composition. Each color lifetime curve corresponds the emission color of the

NC. Adapted from ref. 34.

From an electronic-structure perspective, the valence band of lead halide perovskites originates
primarily from the hybridization of Pb-6s orbitals with halide np orbitals, while the conduction
band is dominated by Pb-6p states. Unlike conventional covalent semiconductors such as GaAs
or CdSe, where the band gap arises from the separation between bonding and antibonding
orbitals, perovskite materials exhibit band edges composed mainly of antibonding and
nonbonding states. This unusual electronic configuration places many defect-related states
energetically close to or within the band edges, resulting in shallow traps rather than deep
recombination centers. Notably, the A-site cation does not directly participate in the formation
of the electronic band structure, which contributes to the intrinsic defect tolerance and

relatively high photoluminescence efficiencies observed in lead halide perovskites. 73"
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Despite these favorable optoelectronic properties, the same ionic nature that facilitates facile
synthesis also renders perovskite nanocrystals chemically vulnerable. Their solubility in polar
solvents and susceptibility to degradation are exacerbated by exposure to moisture, oxygen,
light, and elevated temperatures, making long-term structural and optical stability a major
challenge.*” Among hybrid compositions, formamidinium-based nanocrystals generally
display greater stability than methylammonium-based counterparts, owing to their higher
formation energies. To mitigate environmental degradation and improve durability for practical
applications, encapsulation strategies using inert shells such as silica, alumina, barium sulfate,

or polymer matrices have been widely explored.

Structural instability is particularly pronounced in red-emitting CsPbls nanocrystals, where the
large ionic radius of iodide induces octahedral tilting and drives a phase transition from an
optically active to a non-emissive structure. Although substantial progress has been made
toward stabilizing these materials, complete suppression of degradation pathways has yet to be
achieved. Furthermore, while lead halide perovskite nanocrystals are often described as defect
tolerant, they are not devoid of imperfections. Weakly bound surface ligands can leave
undercoordinated sites exposed, which act as trap states for charge carriers. The low formation
energy of point defects, particularly halide vacancies, further facilitates trap formation and can

significantly reduce photoluminescence quantum yield.

Crystal lattice distortions arising from ionic size mismatch also contribute to defect generation.
For instance, the large iodide ions in CsPblz or the comparatively small chloride ions in
CsPbCls introduce intrinsic strain within the lattice, promoting the formation of defect sites
that localize charge carriers. In addition, the mechanically soft and dynamically fluctuating
nature of the perovskite lattice—often described as a “crystalline liquid”—allows strong
coupling between photoexcited carriers and lattice vibrations. This electron—phonon interaction
can give rise to polaron formation, wherein carriers become partially localized through lattice
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distortion, potentially leading to self-trapping phenomena. A comprehensive understanding of
how polaron formation influences carrier dynamics and optical performance remains an

important and open area of investigation. [41-44]

Lead halide perovskites (LHPs) inherently host a variety of point defects, including halide and
lead vacancies, A-site cation vacancies (Cs'/MA'/FA"), interstitial halides or metals, and
antisite defects such as halide—lead or halide—A-site substitutions. Among these, halide
vacancies are the most frequently formed due to their low formation energies and play a
dominant role in influencing charge-carrier dynamics (Figure 1.3A). Despite the presence of
such defects, LHPs exhibit an unusual degree of defect tolerance, which originates from their
distinctive molecular orbital-derived electronic structure. The valence band maximum (VBM)
is primarily composed of antibonding interactions between Pb 6s and halide np orbitals, while
the conduction band minimum (CBM) arises mainly from antibonding Pb-6p states. Because
both band edges are antibonding in nature, most defect-induced electronic states do not
introduce deep levels within the bandgap; instead, they either lie close to the band edges as
shallow traps or become resonant with the valence or conduction bands. This is in stark contrast
to conventional covalent semiconductors (ex, CdSe, ZnS etc.), where defects often generate
deep mid-gap states that act as efficient nonradiative recombination centers. The molecular
orbital picture (Figure 1.3B) therefore explains why structural imperfections in lead halide
perovskites have a limited impact on radiative recombination efficiency, underpinning their

high photoluminescence quantum yield despite a relatively high defect density.
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Figure 1.3. (A) Common atomic-scale imperfections in lead halide perovskites (LHPs), such
as vacancies, interstitial species, and antisite substitutions, arranged according to their relative
formation energies—ranging from the most easily formed to the least probable—and their
corresponding energetic positions within the bandgap. (B) Conceptual comparison of the
electronic band structures of defect-sensitive semiconductors and lead halide perovskites. In
traditional semiconductors (e.g., cadmium chalcogenides), the energy gap arises from the
separation between bonding and antibonding electronic states. As a result, structural
imperfections and dangling bonds typically introduce localized electronic states deep within
the bandgap, acting as efficient nonradiative recombination centres. In contrast, in lead halide
perovskites the valence and conduction band edges are derived from antibonding states.
Consequently, defect-induced states are energetically positioned close to the band edges or
merge into the bulk bands, forming shallow traps that have a minimal impact on radiative

recombination and the overall optical response. Adapted from ref.37

1.5 Photophysical Processes in Perovskite Nanocrystals

The interaction of light with matter lies at the heart of photophysical phenomena. Gaining
insight into how a material responds to optical excitation is crucial for revealing and tailoring

its intrinsic properties. In quantum dots, absorption of photons promotes charge carriers from
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the valence band to the conduction band, generating electron—hole pairs. These photoexcited
carriers subsequently relax through multiple pathways, which may involve light emission or
energy loss via nonradiative channels such as lattice vibrations. A comprehensive
understanding of these relaxation mechanisms is vital for improving the performance of
quantum dots in technologies including solar cells, light-emitting diodes, and lasers. Moreover,
controlling parameters such as particle size, geometry, and structural morphology enables
deliberate tuning of these processes, thereby expanding the functional versatility of quantum
dots across diverse optoelectronic applications. The key photophysical mechanisms relevant to
quantum dots, discussed below, are typically explored using advanced experimental tools and

methodologies, which are detailed in Chapter 2.
1.5.1 Absorption

Lead halide perovskite nanocrystals exhibit exceptionally strong and broadband optical
absorption due to their direct bandgap and large oscillator strength. Optical absorption
promotes electrons from the valence band (VB), primarily composed of antibonding Pb-6s and
halide-np orbitals, to the conduction band (CB), dominated by Pb-6p antibonding orbitals. The
absorption edge can be tuned by halide composition (CI/Br/I), nanocrystal size (quantum
confinement), and dimensionality. Unlike many conventional semiconductor nanocrystals,
excitonic features in LHP NCs are often weak at room temperature due to relatively low exciton
binding energies, though they become more pronounced under strong confinement or at low

temperatures. [+°]
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1.5.2 Fluorescence (Radiative Recombination)
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Scheme 1.2. Jablonski diagram: Illustrating after excitation many optical processes occur. The

exited photon relaxes back by both non-radiative and radiative processes.

Following excitation and relaxation to the band edges, radiative recombination of electrons and
holes results in photoluminescence (PL). LHP NCs typically display high PL quantum yields,
narrow emission linewidths, and short radiative lifetimes due to their direct bandgap and
defect-tolerant electronic structure. The antibonding nature of both VB and CB suppresses the
formation of deep mid-gap defect states, allowing efficient band-edge emission even in the
presence of structural imperfections. Emission wavelength can be precisely tuned through

halide substitution and quantum confinement effects.

Following the Kasha’s rule. fluorescence happens from the lowest vibrational level of the

excited state Si and it is independent of excitation wavelength. [Demonstrated in Scheme 1.2.].

[46,47]
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1.5.3 Auger Recombination and Biexciton Formation

Under high excitation fluence, multiple electron—hole pairs can be generated within a single
nanocrystal, leading to biexciton or multiexciton states. These states predominantly decay via
nonradiative Auger recombination, where the recombination energy of one exciton is
transferred to another charge carrier. (Scheme 1.3) Auger recombination limits optical gain and
lasing performance in LHP NCs, although their relatively large dielectric constant and defect

tolerance can partially mitigate Auger losses compared to traditional QDs. [48-301

Auger Recombination
hoto-excitation

Scheme 1.3. Representation of auger assisted carrier recombination.

1.5.4 Defect-Mediated Intermittency (Trap-Mediated Recombination)

Despite being defect tolerant, LHP NCs are not entirely defect free. Surface defects,
particularly halide vacancies, can act as transient charge traps. Trapping and detrapping of
charge carriers lead to photoluminescence intermittency, commonly known as blinking. Unlike

conventional semiconductor NCs where deep traps dominate, defects in LHP NCs generally
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form shallow states near the band edges, resulting in reduced blinking severity and faster

recovery to emissive states. 18
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Schemel.4. Mechanism of radiative recombination pathway and trap induced recombination

via radiative and non-radiative channel.

1.5.5 Energy Transfer

Excitation energy in LHP NC assemblies can migrate between neighbouring nanocrystals or to
adjacent molecular species via nonradiative energy transfer mechanisms such as Forster
resonance energy transfer (FRET). Energy transfer efficiency depends on spectral overlap,
interparticle distance, and dipole orientation. In densely packed films or mixed-halide systems,
energy transfer influences emission dynamics, spectral diffusion, and overall device

performance. [°-6]

1.5.5.1 Forster Resonance Energy Transfer (FRET) in Perovskite—Dye Systems

FRET is a long-range, dipole—dipole interaction—mediated energy transfer process that occurs
without charge transfer and does not require direct orbital overlap. In perovskite—dye hybrids,
the perovskite nanocrystal typically acts as the energy donor, while the organic dye serves as

the acceptor. (63641
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LHP NCs are exceptionally efficient FRET donors due to their large absorption cross-sections,
high photoluminescence quantum yields, and strong transition dipole moments. Efficient FRET
occurs when there is a substantial spectral overlap between the perovskite emission spectrum
and the dye absorption spectrum, typically quantified by the overlap integral. The FRET
efficiency decays with the sixth power of donor—acceptor separation (< R~%), making it
effective over distances of approximately 1-10 nm, which is comparable to the ligand length

separating dyes from the perovskite surface.

In perovskite NC—dye assemblies, FRET manifests experimentally as:
e Quenching of perovskite PL intensity and lifetime
o Sensitized emission from the dye
o Power- and distance-dependent transfer efficiency

Importantly, the defect-tolerant band structure of LHP NCs minimizes competitive
nonradiative losses, enabling high FRET efficiencies even in ensemble and single-particle
measurements. Additionally, the tunable bandgap of perovskites (via halide composition or

size) allows spectral matching with a wide range of organic dyes.
1.5.5.2 Dexter Energy Transfer in Perovskite—Dye Systems

Dexter energy transfer is a short-range exchange mechanism that involves simultaneous
electron exchange between donor and acceptor. Unlike FRET, Dexter transfer requires direct
wavefunction overlap and therefore occurs over very short distances, typically < 1 nm. As a
result, Dexter transfer is highly sensitive to surface chemistry, ligand length, and interfacial

electronic coupling. [**]
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Scheme 1.5. Illustration of mechanistic pathways of energy transfer from perovskite

nanocrystals (donor) to organic dye molecule (acceptor).

In perovskite NC—organic dye hybrids, dexter transfer becomes relevant when dyes are directly
bound to the nanocrystal surface or when ultrashort ligands or ligand-free interfaces are
employed. This mechanism is particularly important for triplet energy transfer, as Dexter
exchange allows spin conservation and is therefore the dominant pathway for populating dye

triplet states from photoexcited perovskites.

However, in conventional ligand-capped LHP NCs (e.g., oleic acid/oleylamine), dexter transfer
is often suppressed due to the spatial separation imposed by long insulating ligands.
Engineering stronger electronic coupling—through ligand shortening, conjugated ligands, or
direct chemical anchoring, is therefore essential to activate Dexter-type interactions. Band gap
also dictates the mechanistic pathway by which energy transfer happens. For, CsPbl; follows
triplet energy transfer while CsPbBr3; follows singlet energy transfer for particular reference
due (e.g. Rose B) to its band gap change from CsPbl; to CsPbBr3; and mixed CsPb(Brl)s will

follow both single and triplet energy transfer.
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1.5.6 Photo-Induced Charge Transfer in QDs
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Scheme 1.6. Representation of how photo induced charge transfer happens from perovskite

nanomaterials to a hole or electron scavenger.

Photo-induced charge transfer in lead halide perovskite nanocrystals occurs when
photoexcitation generates electron—hole pairs and one type of carrier is selectively extracted by
an external electron or hole scavenger. Electron transfer takes place when the conduction band
minimum of the perovskite lies higher in energy than the LUMO or reduction potential of the
acceptor, enabling downhill electron injection, while hole transfer occurs when the valence
band maximum is energetically aligned above the HOMO or oxidation potential of a donor
molecule. Such charge extraction competes with radiative recombination, leading to
photoluminescence quenching and modified excited-state lifetimes. Owing to the defect-
tolerant electronic structure of perovskites, shallow surface states and dynamic ligands can
facilitate carrier transfer without introducing deep nonradiative losses. The efficiency of this

process is governed by band-edge alignment, interfacial coupling, and the energetic driving

74 | Page



Introduction

force, making photo-induced charge transfer a key mechanism in perovskite-based

optoelectronic, photovoltaic, and photocatalytic applications. [66:67-68]

The bandgap of the perovskite defines the energetic window for charge transfer. Wide-bandgap
perovskites (e.g., CsPbClz) provide higher CB energies favouring electron transfer, while
narrower-bandgap perovskites (e.g., CsPbls) have shallower band edges that may favour hole

transfer depending on the scavenger. [*°]
The driving force (AG) for charge transfer is governed by:
e Band edge positions
e Scavenger redox levels
e Coulombic stabilization
o Interfacial dipoles and surface states

Excessive driving force, however, can enhance nonradiative losses via strong electronic

coupling, while insufficient driving force limits transfer efficiency.
1.6 Single Particle Intensity Fluctuation or PL Blinking

Despite their outstanding photoluminescence efficiency and size-tunable optical properties,
quantum dots often display stochastic emission fluctuations when examined at the single-
particle level. This behavior, first revealed through single-nanocrystal spectroscopy in CdSe
nanocrystals in the year 1996 by Nirmal et. al, is characterized by abrupt and unpredictable
transitions between emissive and non-emissive states under steady illumination, a phenomenon
commonly referred to as photoluminescence intermittency or blinking. ") Such emission
instability is a distinctive feature of colloidal quantum dots and is absent in conventional bulk
or molecular light emitters. Early mechanistic interpretations linked blinking to charge

accumulation within the nanocrystal, arising from multiexciton Auger ionization processes that
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activate highly efficient nonradiative decay pathways. [’':"2] At nanoscale dimensions, relaxed
momentum conservation substantially increases the probability of Auger recombination,
leading to effective quenching of emission. Because stable and uninterrupted photon output is
critical for practical optoelectronic and photonic applications, blinking remains a significant
limitation. Consequently, systematic investigations aimed at understanding and mitigating
emission intermittency are essential for advancing quantum dot performance and enabling their

reliable integration into functional devices.
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Figure 1.4. PL trajectory for a perovskite QD showing random intensity fluctuations. High
intensity state (grey strip) is called ON state or, Bright state and low intensity region (light blue
strip) is called OFF state or, Dark state and corresponding confocal image of well dispersed

spin coated QDs in a glass coverslip under a laser.

Investigation of photoluminescence intermittency at the single—quantum-dot level requires
sample preparation in which individual emitters are spatially well separated. When multiple
quantum dots are located within the excitation volume, their collective emission masks the
stochastic blinking behaviour of individual particles. %7373 To achieve isolated emitters,
single-particle samples are typically prepared through a controlled, multi-step procedure. First,
the stock quantum dot dispersion is serially diluted to an ultralow concentration (~ pM), to

minimize interparticle proximity. An aliquot of this diluted solution is then deposited onto a
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clean substrate using techniques such as spin coating or drop casting to ensure sparse surface
coverage with a polymer matrix coating to avoid environmental degradation. After deposition,
the solvent is removed by allowing the substrate to dry either under ambient conditions or
within a controlled atmosphere, yielding well-dispersed, individual quantum dots suitable for

single-particle blinking measurements.

Several blinking mechanisms have been proposed to explain the different fluctuating events in
a blinking trajectory. Among those main three recombination mechanisms are: (a) Auger
mediated blinking (AC) due to charging/discharging of QDs, (b) Near band edge carrier
recombination (NBC) which involves trapping/detrapping and (c) Hot carrier blinking (HC)
due to hot carrier trapping and subsequent recombination. "”71 All these mechanisms are

discussed below for better understanding my thesis works.
1.6.1 Auger blinking

In the absence of excess charge, a quantum dot remains electrically neutral, and radiative
recombination of a single exciton gives rise to a stable, emissive “ON” state in the
photoluminescence time trace. Upon photoinduced charging, however, the presence of an
additional electron or hole opens an efficient nonradiative decay channel through Auger
recombination. In this process, the recombination energy of an exciton is transferred to a third
charge carrier rather than being emitted as a photon, leading to strong suppression of
photoluminescence and the emergence of a non-emissive “OFF” state. Emission intermittency
governed by this mechanism is commonly referred to as Auger-type blinking (AC-blinking).
Understanding Auger blinking requires careful consideration of the mechanisms responsible
for both charge generation and charge removal. One charging route involves resonant
tunnelling of a carrier from a photoexcited exciton, followed by trapping at surface states or

[76,77,78

within the surrounding matrix or substrate. I Alternatively, charging can occur through
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non-resonant multiexciton processes, most notably biexciton-mediated Auger ionization, in
which the nonradiative recombination of one exciton provides sufficient energy to expel a
charge carrier from another exciton. Sustained blinking behavior relies on the existence of long-
lived trap states that stabilize the charged (trion) configuration, allowing sufficient time for
additional excitations to occur (Scheme 1.7.). Neutral emission is recovered once the trapped
carrier returns to the nanocrystal via tunnelling or when the remaining counter charge is

removed, thereby restoring radiative recombination and the bright state.
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Scheme 1.7. PL blinking and the probable mechanism for ON/OFF events in a nanocrystal.

This model is based on auger mediated non-radiative recombination called AC blinking.

1.6.2 Non-radiative Band Edge Carrier (NBC) blinking

In the band-edge carrier (BC) blinking model, one of the charge carriers generated upon
photoexcitation either an electron or a hole—is temporarily captured by shallow, short-lived
trap states. This trapped carrier subsequently undergoes rapid nonradiative recombination with
its opposite charge remaining in the nanocrystal core. Because these traps have brief lifetimes,
the quantum dot is promptly restored to its neutral ground state following each trapping event.

Emission intermittency in this mechanism arises from the dynamic balance between a time-
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dependent nonradiative trapping pathway and a comparatively stable radiative recombination
channel. As illustrated schematically in Scheme 1.8., bright emission is observed when
radiative decay dominates over carrier trapping, whereas emission is strongly suppressed when
nonradiative trapping becomes the primary relaxation route. Situations in which the radiative
and nonradiative rates are of similar magnitude give rise to intermediate intensity levels in the

photoluminescence time trace.
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Scheme 1.8. Trapping-detrapping model: When radiative rate is way more than trapping rate
of the charged carrier then ON state is observed (upper panel), when k; and k¢ is comparative,
gray state fluctuations are observed and when trapping rate is more, OFF state or dark state

emerges.

Frantsuzov and co-workers introduced a distinct explanation for temporal variations in
nonradiative decay, referred to as the multiple recombination center (MRC) framework. [78-8%
Within this picture, emission intermittency originates from gradual fluctuations in the

population of effective trap sites rather than from a single dominant trapping event. Numerous
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surface-associated quenching sites are assumed to be present, each capable of capturing band-
edge charge carriers and promoting rapid nonradiative recombination. Importantly, these
quenching centers can reversibly transition between configurations that are either efficient or
inefficient in trapping carriers. When a larger fraction of centers is in the active state, the overall
nonradiative recombination rate increases substantially, whereas predominately inactive

centers result in much slower carrier trapping.
1.6.3 Hot Carrier (HC) Blinking

Beyond BC-type intermittency, another form of emission fluctuation has been reported that can
also be interpreted within the multiple recombination centre (MRC) framework. This blinking
mode, however, is fundamentally distinct from BC-blinking because the photoluminescence
(PL) lifetime does not vary as the emission intensity switches between bright and dark levels.
This phenomenon has been ascribed to hot-carrier-related processes and is therefore termed
hot-carrier (HC) blinking.[””) In this mechanism, charge carriers generated at high excess
energies are captured by short-lived trap states present above the conduction band during their
relaxation toward the band edge. These trapped hot carriers then recombine non-radiatively
with the remaining counter charges, resulting in a loss of PL signal. Because this trapping
pathway competes with carrier cooling rather than with band-edge radiative recombination, the
excited-state lifetime remains unchanged throughout HC-blinking events. Temporal
fluctuations in emission intensity arise from changes in the efficiency of hot-carrier trapping,
which can again be rationalized by dynamic activation and deactivation of multiple
recombination centres as described by the MRC model. Notably, HC-blinking has been
infrequently observed across most quantum dot systems, which has limited the number of

experimental studies addressing this behaviour. [77-7]

1.6.4 Fluorescence Lifetime Intensity Distribution (FLID)
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FLID is a 2D false colour plot of information of photons from the intensity and lifetime of
single nanocrystal for a certain measurement time (Scheme 1.9.). FLID helps to find out the
correlation between intensity and lifetime to resolve the mechanism of blinking involved for a

single particle. ["7-7%81]

NBC AC HC

Scheme 1.9. FLID pattern of different of blinking in a nanocrystal.

Auger-blinking produces a curved fluorescence lifetime—intensity distribution (FLID) due to
temporal mixing of neutral and charged states rather than true intermediate emissive levels.
Identification of these states is achieved by comparing radiative rates extracted from the on-
and off-states. In Auger-blinking, the charged state follows statistical scaling, exhibiting a
radiative rate approximately twice that of the neutral state. This relationship is quantified by

_IonTorr
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where 1 = 2 confirms neutral-charged state assignment. The FLID map is then fitted by

treating intermediate points as artifacts arising from state mixing. 7%

BC-blinking yields a linear fluorescence lifetime—intensity distribution (FLID), as the radiative
recombination rate remains constant while intensity fluctuations arise solely from variations in
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the non-radiative trapping rate. The PL intensity follows the quantum yield relation resulting

in a direct linear correlation between PL intensity and lifetime.

[ x QY = kr i
Q _kr-f-kt(t)_‘cr

HC-blinking originates from the trapping of hot carriers during their relaxation process.
Because this trapping occurs prior to band-edge recombination, the photoluminescence lifetime
remains largely unaffected by intensity fluctuations, resulting in little to no correlation between
PL lifetime and intensity in the FLID map. Owing to the scarcity of hot-carrier trap states—
likely a consequence of their high formation energies—HC-blinking is infrequently observed
and has been reported in only a limited number of studies. The distinct FLID signatures
associated with different blinking pathways enable straightforward discrimination between

blinking mechanisms. [6-77]
1.6.5 Power Law Kinetic Study of ON/OFF Events

In many nanomaterials, especially quantum dots and perovskite nanocrystals,
photoluminescence (PL) blinking shows power-law on/off kinetics, meaning that the durations
of bright (ON) and dark (OFF) states do not follow simple exponential decay. Instead, the
probability distribution of ON or OFF times, P(t), scales as a power law, P(t) « t~%, where
a typically lies between ~1 and 2. This behavior indicates the absence of a single characteristic
timescale and reflects a broad distribution of trapping and detrapping processes. Physically,
power-law blinking arises from multiple charge-trapping pathways, a wide range of trap depths,
or dynamic fluctuations of surface and environmental states, rather than a single well-defined
trap. As a result, both short and extremely long ON or OFF events can occur, giving rise to
intermittency over many orders of magnitude in time and highlighting the complex,

heterogeneous nature of charge carrier dynamics in nanoscale emitters. [®]
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As the rate of blinking is highly nonexponential, the probability of ON and OFF events follows
power law kinetics. But, in ON events it has been observed that in the short time period ON
events follow exponential behaviour but in longer time due to multiphoton emission it follows

power law kinetics. The point where the ON events start deviating from exponential behaviours
is called fall-off point or fall-off time (Tra-otr). Following these points scientist have given the

fitting formula for both ON and OFF probability as follows: [7577:80.82.83]
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Figure 1.5. Probability of ON and OFF events for a particular QD and corresponding fitted

lines from the above-mentioned equation.

As probability of ON events follows both power law and exponential nature it shows truncation

behaviour whereas OFF events follow only power law behaviour thus no truncation nature.
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1.7 Single Photon Emission from QDs

QDs can act as a single photon source which has a vast advantage in quantum technologies. A
perfect single-photon source is expected to generate one and only one photon at a time, with
negligible likelihood of emitting two or more photons simultaneously. 3351 The degree of
single-photon purity is quantified using the second-order intensity correlation function,
g@ (1), which describes the correlation between photon detection events separated by a time
delay 7. This function is experimentally obtained using a Hanbury Brown—Twiss (HBT)
interferometric setup. The hallmark of high-quality single-photon emission is a pronounced
minimum at zero delay time, known as photon antibunching. In the ideal limit, this corresponds
to g (0) = 0 (Figure 1.6.A). In practice, a light source is classified as a single-photon source
when g®(0) < 0.5. For demanding applications such as quantum key distribution and

quantum imaging, much stricter requirements are imposed, with g® (0) typically well below

(85, 86.,87]

0.1 to ensure exceptional photon purity.
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Figure 1.6. Single particle study to ensure the single photon emitting property of a
nanoparticle. (A) Photon antibunching study which shows very low g%(0) amplitude
showecasing its high single photon purity, (B) The Single photon emission of a nanoparticle
recorded in a EMCCD camera in a spectrograph showing time dependent intensity fluctuations

of a single QD.
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Another vital measurement to ensure the single particle characteristic is single photon emission
spectra in an EMCCD camera. Single-photon emission from an individual quantum dot can be
directly visualized and analyzed using a highly sensitive EMCCD camera coupled to a
fluorescence microscope or spectrograph. Under weak optical excitation, a single quantum dot
behaves as a true quantum emitter, producing one photon per excitation cycle through single-
exciton recombination. In EMCCD-based measurements, the emission from a single dot
appears as a spatially localized diffraction-limited spot or as a sharp spectral feature when
dispersed through a grating (Figure 1.6.B). The peak position of this emission corresponds to
the band-edge recombination energy of the single exciton and is extremely sensitive to the dot’s

size, composition, local dielectric environment, and spectral diffusion.

The full width at half maximum (FWHM) of the single-dot emission peak provides critical
information about homogeneous and inhomogeneous broadening mechanisms, including
exciton—phonon coupling, charge-induced spectral wandering, and instrumental resolution.
Narrow FWHM values indicate reduced dephasing and minimal environmental fluctuations,
which are essential for high-purity single-photon generation. By tracking changes in peak
position, linewidth, and intensity over time using EMCCD imaging or spectroscopy, one can
correlate single-photon emission with blinking behaviour, local charge dynamics, and defect
interactions. Thus, EMCCD-based detection of peak energy and FWHM is a powerful approach
for characterizing the optical quality, stability, and quantum nature of single-photon emission

from individual quantum dots.®”!
1.8 Motivation and Scope of my Thesis Work

Current advances in solar-energy conversion focus on transforming sunlight into electrical
power or chemical fuels by constructing molecular and semiconductor systems inspired by

natural light-harvesting processes. In biological photosynthesis, light absorption by pigment
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molecules initiates a sequence of energy migration and charge-separation events within
specialized reaction centers. To emulate these processes and to gain deeper mechanistic
understanding, a variety of artificial architectures—ranging from biomolecular frameworks
and porphyrin arrays to dendritic structures and organic—inorganic hybrids—have been
extensively explored. Within these engineered platforms, semiconductor nanocrystals have
emerged as highly effective light absorbers owing to their strong optical cross sections and
adjustable electronic structure. Their absorption profiles and excited-state dynamics can be
precisely tailored through control over composition, morphology, and dimensionality. In
particular, narrow-bandgap semiconductors, including metal chalcogenides, layered two-
dimensional materials, and halide perovskites, are especially attractive for capturing photons
across the visible and near-infrared spectral regions. Upon photoexcitation, the generated
charge carriers can be exploited either for electrical energy generation or to drive redox
reactions relevant to solar fuel production. Beyond charge extraction, semiconductor
nanomaterials can also act as efficient energy donors to molecular species anchored at their
surfaces. In such systems, the fate of the excited state whether it undergoes energy transfer or
electron transfer is governed by the relative alignment of the semiconductor band edges with
the electronic energy levels or redox potentials of the accepting molecules. In this regard, a
thorough understanding of the photophysical behaviour of perovskite materials is crucial for
fully exploiting their properties and enabling efficient device development. Exploring novel
nanocrystal morphologies that retain the same underlying crystal structure offers new
opportunities to uncover structure—property relationships. In this work, various lead halide
perovskite nanocrystals were synthesized to investigate different aspects of their optical
behaviour at the nanoscale. This highlights the essential role of advanced spectroscopic
methods in probing excited-state dynamics. The central objective of this thesis is to examine

the photophysical processes occurring in various photoexcited perovskite nanocrystals using a
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range of spectroscopic approaches, with particular emphasis on single-particle fluorescence

techniques.

This thesis is organized into six chapters. The first two chapters focus on the background and
experimental framework of the study. The introductory chapter presents essential fundamental
concepts, an overview of the current progress in perovskite nanocrystals (PNCs), and a
discussion of their key photophysical properties. The second chapter describes the
experimental instrumentation, providing detailed insight into the techniques and equipment
employed, their operating principles, and the data analysis procedures used to interpret the
results and understand the underlying physical processes. The remaining four chapters are
devoted to in-depth experimental investigations, data analysis, and the presentation of the key

results and conclusions arising from that work.

The third chapter focuses on the application of an advanced fluorescence correlation
spectroscopy approach, namely Pulsed Interleaved Excitation (PIE)-FCS, also referred to as
Alternating Laser Excitation (ALEX)-FCS, to investigate the origin of the decrease in the zero-
time correlation amplitude, g*(0), with increasing excitation intensity. Conventionally, this
reduction in g?(0) is attributed to photoactivation processes, where permanently dark or weakly
emissive nanoparticles are converted into bright emitters, effectively increasing the number of
fluorescent particles within the excitation volume. Through the implementation of PIE-FCS, it
is demonstrated that the primary factor responsible for the observed decrease in g?(0) is
brightness heterogeneity among the nanoparticles rather than an actual increase in particle
number. At higher excitation powers, initially dim or dark particles become emissive and
contribute disproportionately to the detected photon flux. Although the number of nanoparticles
within the excitation volume remains unchanged, the enhanced photon emission leads to an
apparent reduction in g?(0). Without a proper understanding, such effects of brightness
heterogeneity may be mistakenly interpreted as photobrightening or optical trapping, as these
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phenomena can produce similar experimental signatures. To further substantiate this
interpretation, single-particle blinking analyses were carried out on a broad range of
nanocrystal systems to probe brightness heterogeneity at the individual particle level. The
conclusions derived from these studies are consistently supported across multiple
nanomaterials, including conventional cubic CsPbBr; nanocrystals, faceted CsPbBr3

nanocrystals, CdSe/CdS core—shell quantum dots, and graphene quantum dots.

In the fourth chapter, the photophysical properties of faceted CsPbBr3 nanocrystals and their
distinct blinking behaviours are investigated. Single-particle spectroscopic techniques,
including PL blinking analysis, FLID mapping, photon antibunching measurements, and
power-law analysis of ON/OFF time distributions, are employed. It is observed that as the
number of facets increases from 6 to 12 to 26, the contribution of trion states becomes more
pronounced, leading to a reduction in the ON-state fraction and a substantial increase in OFF-
state events. Through a careful examination of facet-dependent charge transfer to the
surrounding environment, it is concluded that nanocrystals with a higher number of facets are
more susceptible to interactions with surface environments such as moisture or scavenger
molecules. These interactions promote the formation of additional surface defects, thereby
enhancing non-radiative recombination pathways via Auger-assisted trion channels.
Furthermore, the probability of photoionization is evaluated by analysing the ON-state
population under both low and high excitation powers, revealing an increased tendency for

photoionization in highly faceted perovskite nanocrystals.

The fifth chapter is devoted to a detailed investigation of phase transfer in red-emitting CsPbl;
perovskites and the associated changes in their optical properties, examined through single-
particle blinking studies and advanced Fluorescence Lifetime Correlation Spectroscopy
(FLCS) techniques. FLCS was employed to distinguish whether detected photons originated
from the same emission centre or from different centres. In this study, a comprehensive analysis
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of carrier dynamics was conducted on both a-phase and mixed-phase CsPblz nanocrystals using
single-particle blinking, FLCS, and ensemble measurements. Single-particle blinking analyses,
including FLID mapping and intensity—lifetime scaling, revealed distinct recombination
mechanisms in the two phases. In a-phase nanocrystals, blinking was found to be
predominantly governed by shallow trap-induced NBC recombination, with a minor
contribution from HC recombination. In contrast, blinking in mixed-phase nanocrystals was
primarily attributed to deep trap-induced HC recombination, alongside moderate contributions
from trion and NBC recombination. Consistent insights were provided by FLCS investigations,
indicating a higher involvement of trap states in mixed-phase nanocrystals compared to a-phase
nanocrystals. A notable observation from FLCS was the growth feature in the initial correlation
of the CCF, confirming the dynamic behaviour of shallow trap states driving nanoparticle
blinking in fluid-phase dispersions. A thorough understanding of carrier dynamics in red-
emitting CsPbls perovskite nanocrystals is critical for the rational design of next-generation
optoelectronic and photovoltaic devices, as these nanocrystals are considered ideal candidates

for such applications.

The final chapter investigates the energy transfer and charge transfer efficiencies of faceted
CsPbBr;3 nanocrystals to organic dyes and surrounding molecules, respectively. Both ensemble
and single-particle spectroscopy were employed to quantify the dexter energy transfer
efficiency from these faceted nanoparticles to the dyes. Ensemble measurements indicated that
the energy transfer efficiency increases with the number of facets, following a Dexter-type
energy transfer pathway. However, single-particle studies, which accounted for the step-
bleaching behaviour of the acceptor dye, revealed that the energy transfer efficiency remains
largely similar regardless of the nanoparticle faceting. This observation is likely due to stronger
binding of dye molecules to higher-faceted nanoparticles in solution, as confirmed by FCS

measurements and double-reciprocal plots. The practical relevance of these extra-faceted
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nanocrystals was further demonstrated through carrier extraction studies, in which facet-rich
nanoparticles significantly outperformed their cubic counterparts. These results underscore the
critical role of facet engineering in modulating interfacial interactions and establish extra-
faceted CsPbBr3; nanocrystals as highly promising candidates for advanced photovoltaic,

photocatalytic, and light-harvesting applications.

The overarching aim of this thesis is to provide a comprehensive understanding of carrier
dynamics in perovskite nanocrystals and to elucidate how variations in their morphology
influence the intrinsic photophysics of these nanoparticles. Advanced single-particle
spectroscopic techniques have been employed to reveal these fundamental processes, offering
insights into strategies for enhancing photovoltaic performance and optimizing the efficiency

of next-generation devices based on perovskite nanocrystals.
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Instrumentation and Adopted Methodologies

2.1 Abstract

This chapter systematically describes the experimental tools and theoretical approaches used
to accomplish the objectives of this research. It offers an in-depth explanation of the
measurement platforms, analytical methods, mathematical formalisms, and physical models
applied to ensure the accuracy and robustness of the results. The discussion is structured to
clarify how experimental data were acquired, processed, and interpreted to support the

conclusions drawn in this work.

Each section starts with a description of the criteria guiding the choice of specific instruments,
aligned with the aims of the study and the type of information required. This is followed by an
explanation of the operating principles of the instruments, the justification for their suitability

in obtaining reliable data, and the procedures adopted for quantitative analysis.

As this thesis primarily focuses on the photophysical properties of lead halide perovskite
nanocrystals, techniques probing excited-state dynamics are extensively employed. These
include optical absorption spectroscopy, steady-state and time-resolved photoluminescence
measurements, fluorescence correlation spectroscopy (FCS), fluorescence lifetime correlation
spectroscopy (FLCS), Single particle fluorescence Spectroscopy, Photon antibunching, Single
photon emission and fluorescence upconversion spectroscopy. In addition to these, structural
and compositional characterization of the samples was carried out using high-resolution
transmission electron microscopy (HRTEM), X-ray diffraction (XRD), X-ray photoelectron

spectroscopy (XPS), and energy-dispersive X-ray analysis (EDAX).

2.2 Single Particle Spectroscopy

Single-Particle Spectroscopy (SPS) is a powerful optical technique that probes the
photophysical properties of individual nanoscale emitters such as quantum dots, perovskite

nanocrystals, molecules, or defects, one particle at a time. Unlike ensemble measurements,
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which average over many particles and mask intrinsic variations, SPS reveals heterogeneity in
emission intensity, lifetime, spectral position, and dynamics that arise from differences in size,
shape, surface chemistry, and local environment. By isolating single emitters, SPS provides
direct access to fundamental processes such as exciton recombination, blinking, spectral
diffusion, photon antibunching, energy transfer, and charge trapping, offering a microscopic

understanding of light—matter interactions at the nanoscale.

The importance of SPS lies in its ability to uncover mechanisms that govern device
performance but remain hidden in ensemble studies. Phenomena such as intermittency
(blinking), multiexciton recombination, Auger processes, and single-photon emission can only
be unambiguously identified at the single-particle level. Consequently, SPS has become
essential for the rational design of high-performance optoelectronic devices, including single-

photon sources, light-emitting diodes, lasers, photovoltaic systems, and quantum technologies.

Experimentally, SPS is most commonly implemented using a confocal fluorescence
microscopy (CFM) setup, which provides high spatial resolution and efficient background
rejection. In this configuration, a tightly focused diode laser excites a diffraction-limited
volume containing a single emitter, and the emitted fluorescence is collected through a same
objective with high numerical aperture and spatially filtered using a pinhole. The detected
photons are then directed to highly sensitive single-photon detectors such as avalanche
photodiodes (APDs) or micro photon device (MPDs) detectors. APDs offer high quantum
efficiency, low dark counts, and excellent timing resolution, making them ideal for time-
correlated single-photon counting (TCSPC) and photon antibunching measurements. MPDs,
with their fast temporal response, are particularly useful for ultrafast timing applications.
Together, the confocal setup and single-photon detectors form the backbone of SPS, enabling
precise measurements of intensity, lifetime, and photon statistics from individual nano-
emitters.[!]
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2.2.1 Time-resolved confocal fluorescence microscope

The spatial resolving capability of an optical microscope is fundamentally limited by
diffraction and can be expressed by the relation,

d=N2NA 2.1)

where A represents the excitation wavelength and NA denotes the numerical aperture of the
objective lens. The numerical aperture is defined as NA = n sin 8, with n being the refractive
index of the immersion medium and 6 the maximum half-angle of light collection by the
objective. In conventional wide-field microscopy, the entire sample volume is illuminated
simultaneously, which leads to significant background contributions from out-of-focus regions

and degrades image contrast.

Confocal fluorescence microscopy (CFM) overcomes this limitation by employing point-wise
excitation and spatial filtering. In this approach, a pinhole positioned at a plane conjugate to
the focal point selectively transmits fluorescence originating only from the focal volume,
effectively rejecting out-of-focus emission. As a result, the effective detection volume is
confined to a small, three-dimensional ellipsoidal region defined by the objective lens and the
pinhole aperture. A schematic illustration of the confocal microscope configuration and its

detection volume is shown in Scheme 2.1.

All single-particle measurements in this work were carried out using a time-resolved confocal
microscope (MicroTime 200, PicoQuant), built around an inverted optical microscope platform
(Olympus IX71). Sample excitation was achieved using pulsed diode lasers operating at 375
nm and 425 nm, with repetition rates tunable between 3 and 40 MHz. The laser output was
delivered to the main optical unit through a polarization-maintaining single-mode optical fiber.

Within the optical unit, the excitation beam was directed into the microscope via a dichroic
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mirror and tightly focused onto the sample deposited on a coverslip using a high-numerical-

aperture water or oil immersion objective (60%, NA=1.2 & 100x, NA = 1.4).
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Scheme 2.1. Schematic diagram of time-resolved confocal fluorescence microscope setup.

The excitation power incident on the sample was continuously monitored using a photodiode.

A portion of the back-reflected light was routed to a charge-coupled device (CCD) camera
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through a beam splitter, enabling precise adjustment of the focal position and verification of

the illumination profile.

Main Optical Unit

-

Laser Coupling Unit

Microscope

Figure 2.1. Our confocal fluorescence microscope setup (PicoQuant) with spectrograph

(ANDOR).

Fluorescence emitted from the sample was collected by the same objective and spectrally
separated from the excitation light using appropriate dichroic mirrors and long-pass filters (425
nm and 490 nm for 375 nm and 470 nm laser excitation, respectively). To ensure detection
from the confined focal region, the emission was passed through a 50 um pinhole before being

re-collimated and directed toward single-photon avalanche photodiode (SPAD) detectors.
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Photon detection was performed using either a single SPAD or a pair of SPADs, with a 50:50
beam splitter employed for dual-channel measurements. Raster scanning over areas up to 80
um % 80 um was implemented for imaging and localization. All fluorescence signals were
recorded using a time-correlated single-photon counting (TCSPC) module (MultiHarp 150)
operated in time-tagged time-resolved (TTTR) mode. In this acquisition scheme, both the delay
between excitation and photon arrival (via the start—stop method) and the absolute arrival time

of each detected photon relative to the start of the experiment are stored simultaneously. 2]

This confocal TCSPC platform was extensively utilized to investigate fluorescence
characteristics and photoexcited carrier recombination dynamics in individual perovskite
nanocrystals. Measurements included fluorescence correlation spectroscopy (FCS) on freely
diffusing nanocrystals in solution, as well as photoluminescence intermittency (blinking)

analyses of nanocrystals immobilized on substrates.

2.2.2 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is a powerful and sensitive technique for probing
molecular-scale dynamics and has found widespread use across physics, chemistry, and
biology. By analyzing temporal fluctuations in fluorescence intensity arising from molecules
traversing a tightly confined observation volume, FCS enables quantitative determination of
key parameters such as molecular concentration, diffusion coefficients, and intermolecular

interactions in both in vitro and in vivo environments. ['>*%]

In a typical FCS experiment, fluorescence emission is collected from an extremely small
detection volume on the order of ~107"° L, most commonly defined using a confocal
microscope. As fluorescent species randomly diffuse into and out of this volume, the detected

fluorescence signal exhibits time-dependent fluctuations, 0F(t), around an average intensity
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(F). These fluctuations are statistically analyzed using the normalized temporal autocorrelation

function, G(t), defined as

_ (FE+DF() (SF(t+T)8F(t))
G(r) = - 1+ BT

(2.2)

where 0F(t) = F(t) — (F) and 7 is the correlation delay time.

The dominant contribution to the autocorrelation signal originates from the stochastic diffusion
of fluorescent molecules through the confocal volume. Analysis of the decay behavior of G(t)
yields the characteristic diffusion time, from which the hydrodynamic size of the diffusing
species can be inferred. Beyond diffusion dynamics, FCS is also highly sensitive to
photophysical and photochemical processes of excited fluorophores, such as triplet-state
formation, blinking, and photoactivation. Furthermore, FCS can be employed to extract
quantitative information on molecular interactions, including binding affinities, reaction

kinetics, and changes in local microviscosity.

Correlation Time (1)

Scheme 2.2. The basic concept of fluorescence correlation spectroscopy is represented
pictorially.
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The exceptional sensitivity of modern photon detectors allows fluorescence intensity
fluctuations from individual molecules to be accurately recorded. While the path followed by
a molecule as it diffuses through the laser focus is inherently stochastic, statistical analysis of
signals collected from a large number of such single-molecule events enables reliable
extraction of parameters such as the average diffusion time and molecular size through
temporal correlation methods. Although a laser beam propagating through a sample chamber
nominally illuminates an extended region, precise optical focusing combined with appropriate
spatial filtering in an FCS setup ensures that only photons originating from the immediate
vicinity of the focal point are detected. As a result, the effective observation volume is confined
to a minute region around the beam waist. This detection volume, schematically illustrated in

Scheme 2.2, is commonly approximated by an ellipsoidal geometry. -8

2.2.2.1 Working Principle

Fluorescence correlation spectroscopy (FCS) is typically implemented in a confocal
microscope configuration, where the confocal geometry enables the definition of an extremely
small detection volume on the order of ~0.3 femtoliters. Such spatial confinement significantly
enhances the signal-to-noise ratio (SNR) of FCS measurements. The restricted observation
volume is created by tightly focusing the excitation laser onto the sample and selectively
collecting fluorescence only from this focal region. This is achieved using a high-—numerical-
aperture (high-NA) objective lens for strong optical confinement, in combination with a spatial
pinhole placed in the detection path to reject out-of-focus emission. The numerical aperture of
the objective determines the focusing capability and is defined as NA = n sin 0, where n is the
refractive index of the immersion medium (e.g., Nair = 1.00, nwater = 1.33, noit = 1.55) and 6
represents the maximum half-angle of collected light rays. In practice, however, light cannot
be focused to an infinitesimal point, as it behaves as an electromagnetic wave and is therefore
limited by diffraction. Consequently, the focal spot is broadened to a minimum lateral
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dimension of approximately A/2, which defines the theoretical lower limit of the transverse size
of the observation volume. Further confinement of the detection region is accomplished by
placing a pinhole at the conjugate image plane. Fluorescence emitted from the focal region is
directed through a dichroic mirror and subsequently focused onto the pinhole before reaching
a single-photon detector. Emission originating outside the focal plane is largely rejected by the
pinhole, effectively reducing the axial extent of the observation volume. This spatial filtering
improves the SNR and reduces the acquisition time required to obtain reliable autocorrelation
curves. Although FCS can be performed using continuous-wave (CW) excitation, pulsed laser
excitation combined with time-correlated single-photon counting (TCSPC) detection is often
preferred. This approach provides superior background suppression and ensures that only
photons emitted by fluorophores excited within the focal volume contribute to the detected

signal.

Due to the stochastic translational motion of molecules within a confocal microscope,
fluctuations in the detected fluorescence intensity, F(t), arise as individual emitters randomly
enter and exit the defined observation volume. These temporal intensity variations carry
information about molecular dynamics and are quantitatively analyzed through autocorrelation.

The normalized autocorrelation function is defined as

(F(t +D)F (1))
(F)?

G(x) = (2.3)

where the angular brackets (-)denote time averaging and t represents the correlation lag time.
Physically, G (t)describes how closely the fluorescence signal resembles itself as a function of

increasing delay time, thereby capturing the temporal self-similarity of the signal.

Assuming the detection volume can be approximated by a three-dimensional Gaussian
intensity distribution, the experimentally obtained autocorrelation curve can be fitted using a
standard 3D diffusion model, as expressed in Eq. (2.4).
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2 1
02 (2.4)

IpZy

G =~(1+ %)—1 (1+

In this model, 7 corresponds to the mean residence time of a molecule within the observation
volume due to diffusion, while Ndenotes the average number of fluorescent molecules present
in the detection volume. The parameters 7, and z, define the radial and axial dimensions of the
confocal volume, respectively, corresponding to the distances at which the excitation intensity
falls to 1/e? of its maximum value. An important feature of the autocorrelation function is its
amplitude at zero lag time, G (0), which is inversely proportional to the number of fluorescent
species in the observation volume, i.e., G(0) < 1/N. Consequently, changes in molecular
concentration directly influence the height of the correlation curve. The temporal width of the
correlation function, characterized by 7p, reflects the average diffusion time of molecules

through the focal volume.

Quantitative values of N and 7 are extracted by fitting the experimental autocorrelation data
using the diffusion model described in Eq. (2.4). Once the lateral dimension of the confocal
volume, 7y, has been independently calibrated, the diffusion coefficient D can be calculated

using

D—r02 2.5

From the diffusion coefficient, the hydrodynamic radius Ry of the diffusing species can be

estimated via the Stokes—Einstein relation:

R — kgT
H 6mnD

(2.6)

where kg is the Boltzmann constant, T is the absolute temperature, and 7 is the viscosity of the

solvent, which is a known parameter for a given medium at a specified temperature.
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The correlation model presented in Eq. (2.4) represents a fundamental framework for analyzing
diffusion-driven fluorescence fluctuations. While this model forms the basis of the present
analysis, it is not exhaustive. As discussed in later chapters, modifications and extensions of
this formalism are introduced to account for additional photophysical processes and
experimental complexities. Thus, the equations introduced here should be regarded as a
foundational starting point, which is further refined as the study progresses and deeper insights

into the system are obtained.
2.2.3 Fluorescence Lifetime Correlation Spectroscopy (FLCS)

Fluorescence Lifetime Correlation Spectroscopy (FLCS) emerges from combining time-
correlated single-photon counting (TCSPC) with fluorescence correlation spectroscopy (FCS).
This approach exploits picosecond-resolved lifetime information together with microsecond-
scale intensity fluctuations, enabling correlation analysis to be separated according to different
fluorescent species. FLCS 1is particularly powerful when multiple emitters cannot be
distinguished spectrally but exhibit different fluorescence decay characteristics. In such cases,
independent correlation curves can be extracted for each species based on their distinct lifetime

signatures, which originate from different emissive centers within the sample. 1]

The fundamental premise of FLCS is that photons emitted from different species generate
distinguishable TCSPC decay profiles, most commonly reflected in different fluorescence
lifetimes. By applying statistically derived weighting (filter) functions to individual photons,
intensity contributions associated with specific lifetimes can be isolated at the single-photon
level. This lifetime-based filtering allows photons with similar decay characteristics to be
grouped together, enabling species-resolved correlation analysis. An additional advantage of

FLCS is its ability to suppress unwanted effects such as spectral cross-talk, background
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fluorescence, and detector afterpulsing, which can otherwise distort conventional FCS

measurements.

In practical FLCS analysis, the procedure begins with constructing the total fluorescence decay

histogram, denoted as I;, acquired using a confocal microscope coupled with TCSPC detection.

Each histogram channel j records the arrival times of detected photons on the nanosecond (t)
timescale. The complete decay profile consists of a large ensemble of photons distributed
across these channels. This overall decay is then mathematically decomposed into a sum of
individual exponential components. If the system exhibits n distinct emissive species or decay

channels (indexed as z = 1 to n), the total decay histogram can be expressed as a weighted
superposition of n single-exponential decay functions, p](.z), each representing the characteristic

lifetime of one emission center. The weighting factors A® correspond to the relative
contribution of each emissive center, determined by the fraction of photons originating from

that center compared to the total detected photons.

=37 A® p)? 2.7)

In contrast to classical FCS, which explores only the intensity correlation at a macroscopic time
scale (1-scale), FLCS utilizes both intensity correlation (at t scale) and lifetime correlation (at
t-scale) to garner more information about the system under study. This can be formulated by
the following equation, which represents the autocorrelation function (ACF) for the z'th
lifetime component (or z'th emission center).

<y; f].(Z)I]-(t) ijj(z)lj(t+r) >

GA (1) =
@ <ij].(z)lj(t)><ij].(z)lj(t)>

(2.8)

Angular brackets in both the numerator and denominator signify an averaging that spans the
entire FCS scale (from 1=0 to o). The function fj (z) represents the filtering function of the z

component, which is computed from the single exponential decay of the z component [pj (z)],
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along with the total intensity decay of NCs in the t-scale (Ij), as detailed in the existing
literature. In a manner similar to eq 2.8, one can create a CCF between two lifetime components
(or emission centers) by employing two distinct z values.

<% 2150 zjfj(z )Ij(t+r) >

() = ;
<3, f].(Z)Ij(t)> <3, f](Z )Ij(t)>

2.9)

Lifetime fitting thereby FLCS filter generation and, subsequently, the ACF and CCF plots were

performed using SymPhoTime 64 software provided by PicoQuant.!]
2.2.4 Photoluminescence Intensity Time-trace

Time-dependent photoluminescence (PL) intensity trajectories are recorded on a real-time scale
by exciting an immobilized individual fluorophore using a pulsed laser source. These intensity
traces allow direct examination of the emission behaviours of a single emitter. A common
feature observed for most single fluorophores is stochastic switching of the PL signal between
different intensity levels over time, a phenomenon known as fluorescence intermittency or
blinking. Periods of strong emission are referred to as ON states, whereas intervals where the
signal drops to values comparable to the background are defined as OFF states, as illustrated

schematically in Scheme 2.3.

To distinguish between ON and OFF states, an intensity threshold is introduced. In order to
improve the signal-to-noise ratio and ensure reliable state discrimination, photon arrival times
are temporally binned; generally bin widths of 10-20 ms were employed. For mechanistic
insight into blinking behavior, the emission trajectory is further divided into multiple intensity
regimes. Lifetime analysis of these individual states provides valuable information regarding
the dominant recombination pathways of the photoexcited species. In cases where multiple

intermediate intensity levels are present, assigning a single threshold becomes challenging.
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Under such conditions, fluorescence lifetime—intensity distribution (FLID) analysis offers a

more robust framework for identifying the physical processes underlying blinking dynamics.

All single-particle measurements were carried out using a confocal fluorescence microscope
(CFM, Scheme 2.3) operated in the time-tagged time-resolved (TTTR) acquisition mode. The
emitted fluorescence was detected using a single-photon avalanche diode (SPAD). To achieve
spatial isolation of individual emitters, extremely dilute solutions (picomolar concentration)
were prepared and deposited onto glass coverslips by incorporating a non-interacting polymer
matrix such as polymethyl methacrylate (PMMA). Sample preparation for single-particle
experiments was performed inside a nitrogen-filled glovebox to prevent environmental
degradation during spin coating. During measurements, low excitation powers were maintained
to suppress multiexciton generation. All data analysis was conducted using SymPhoTime 64

software, with detailed analytical procedures described in the relevant chapters of this thesis.

Photon antibunching experiments on single particles were performed using a Hanbury Brown
and Twiss (HBT) configuration, employing a 50:50 beam splitter and appropriate optical band-
pass filters placed before the detectors to minimize detector afterglow and background
contributions. Additional optical filters, including long-pass and band-pass elements, were
selected according to experimental requirements. Furthermore, single-quantum-dot emission
was recorded using an ANDOR EMCCD camera to evaluate the spatial emission profile,
enabling determination of the emission peak position and full width at half maximum (FWHM)

of individual quantum dots.
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Scheme 2.3 Schematic representation of time resolved confocal fluorescence microscope for

measuring immobilized state of nanoparticles.
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{
{

Figure 2.1 Spectrograph Instrument which is connected to our confocal fluorescence

microscope.

2.3. Fluorescence Up conversion Technique

Ultrafast fluorescence dynamics of the nanocrystals were investigated using a femtosecond
fluorescence upconversion spectrometer (IB Photonics Ltd.). Femtosecond pulses were
generated by a mode-locked Ti:sapphire laser (Spectra-Physics) operating at an 80 MHz
repetition rate, delivering pulses with a full width at half maximum (FWHM) of ~260 fs and
an average output power of 2.5 W at a central wavelength of 800 nm. A portion of the
fundamental beam was frequency-doubled using a f-barium borate (BBO) crystal to produce
the second harmonic (~20 mW at 400 nm), which served as the excitation source. The
remaining 800 nm fundamental beam was routed through a computer-controlled optical delay
stage to introduce a variable temporal delay with respect to the fluorescence signal, enabling

time-resolved detection. Scattered near-infrared light was suppressed using a short-pass filter,
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while a neutral density filter was employed to attenuate the excitation power and minimize
photobleaching effects. The 400 nm excitation beam was tightly focused onto the sample
contained in a 2 mm pathlength cuvette, which was continuously stirred to ensure
homogeneous excitation and to reduce photodegradation. Fluorescence emission was separated
from the excitation beam using a 430 nm long-pass filter, collected by off-axis parabolic
mirrors, and spatially and temporally overlapped with the delayed gate pulse in a nonlinear
crystal to generate sum-frequency signals. The upconverted fluorescence was subsequently
dispersed using a grating monochromator and detected by a photomultiplier tube (PMT)
connected to a photon-counting system. Fluorescence decay profiles were obtained by scanning
the delay stage to vary the temporal overlap between the fluorescence and gate pulses. All

measurements were carried out at a controlled temperature of approximately 20 °C. [1:1213]

Phase matching
angle 0 _
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Pump (excitation pulse)

—>
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- >
toump tGatet tGate2 tates Time (ps)

Scheme 2.4. A schematic representation depicting the working principle of the femtosecond

upconversion setup.

2.5 Time Correlated Single Photon Counting (TCSPC)

Time-Correlated Single-Photon Counting (TCSPC) is a highly sensitive time-resolved

technique used to measure fluorescence lifetimes with picosecond-level accuracy. In this
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method, the sample is excited using ultrashort laser pulses, and the emission times of individual
fluorescence photons are recorded relative to each excitation event. Accumulating these photon
arrival times over many excitation cycles generates a time-resolved histogram that reflects the
fluorescence decay behaviours of the system. During TCSPC measurements, brief excitation
pulses promote fluorophores to excited electronic states, followed by photon emission as the
molecules return to the ground state. To ensure accurate lifetime reconstruction and avoid pile-
up artifacts, the detection probability is kept extremely low, such that on average far less than
one photon is detected per excitation cycle—commonly around one detected photon for every
hundred excitation pulses. This operating regime preserves the integrity of the measured decay

profile.l!]

A TCSPC system consists of several key electronic units, including a constant fraction
discriminator (CFD), time-to-amplitude converter (TAC), programmable gain amplifier
(PGA), analog-to-digital converter (ADC), window discriminator (WD), and digital memory
(MEM). Upon laser excitation, a timing signal is generated that initiates the TAC, which acts
as a high-precision timer capable of resolving events on the picosecond scale. Following
excitation, fluorophores relax from their excited states by emitting photons at random time
delays. When an emitted photon reaches the photomultiplier tube (PMT), it is converted into
an electrical pulse that terminates the TAC timing cycle. The TAC thus measures the time

interval between excitation and photon detection for each event.

Each measured time interval is subsequently digitized by the ADC and assigned to a
corresponding channel in memory, where repeated measurements accumulate to form a
histogram of photon arrival times. This process is repeated over many excitation cycles to
reconstruct the fluorescence decay profile. To enhance data collection efficiency, modern

TCSPC systems commonly operate in reverse mode, in which photon detection initiates the
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timing cycle and the subsequent laser pulse stops it. This configuration is particularly effective

for high-repetition-rate lasers, as it reduces idle timing cycles and improves overall efficiency.

A fundamental limitation of TCSPC is that only the first detected photon per excitation cycle
is recorded. Due to system dead time—ranging from microseconds in earlier systems to
approximately 100 ns in modern electronics—additional photons arriving within the same
cycle are ignored. Consequently, accurate lifetime measurements require operation at low

photon count rates to ensure faithful reconstruction of the fluorescence decay.
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Scheme 2.5. The main components of the TCSPC setup and working principle.

In a TCSPC histogram, the horizontal axis represents the time delay between excitation and

emission, while the vertical axis corresponds to the number of detected photons within each
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time bin. In the conventional forward TCSPC configuration, the excitation pulse from the light
source is applied to the START input, and the randomly arriving detector signal is connected
to the STOP input. Because the laser repetition rate is typically much higher than the photon
detection rate, most timing cycles initiated by the START signal do not receive a corresponding
STOP pulse. Consequently, the TAC frequently reaches its maximum timing range and resets,
leading to inefficient use of the electronics. This limitation becomes particularly severe at

repetition rates exceeding 1 MHz.

To overcome this inefficiency, reverse TCSPC mode is employed for high-frequency excitation
sources. In this configuration, photon detection events trigger the START signal, while the
periodic laser pulses are connected to the STOP input. This arrangement ensures that timing
cycles are initiated only when a photon is detected, thereby minimizing empty cycles, reducing
dead time, and improving counting efficiency. Although the time axis of the histogram is
internally inverted, the resulting decay profile remains equivalent to that obtained in forward
mode. Reverse TCSPC is especially suitable for laser repetition rates between 1 MHz and 100
MHz and enables dead times as low as ~10 ns, resulting in enhanced accuracy and overall

performance in fluorescence lifetime measurements.
2.6 Photoluminescence Quantum Yield Measurement

The photoluminescence quantum yields (PLQYs) of the perovskite nanocrystals were
determined using a relative method by comparing the sample emission with that of reference
dyes having known PLQYs. The reference standards were chosen such that they could be
excited at the same wavelength as the samples and possessed emission spectra overlapping

closely with that of the nanocrystals. The PLQY's were calculated using the following relation:

ODg

oPr) & (210

2
R

QYs = QY X () x (
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Here, OD denotes the optical density at the excitation wavelength, / represent the integrated
area under the photoluminescence spectrum measured under identical experimental conditions,
and 7 is the refractive index of the solvent. The subscripts S and R correspond to the sample

and reference, respectively.

As reference standards, coumarin-153 in ethanol (QY = 0.546), and rhodamine-6G in aqueous

medium (QY = 0.95) were employed.
2.7 Materials Characterization with Other Experimental Techniques

All steady state absorption and emission spectra were recorded using UV-vis
spectrophotometer (JESCO V-730) and spectrofluorimeter (FS5 Spectrofluorometer by
Edinburg instruments with a xenon lamp (XBO150 OFR) as the excitation source),
respectively. To measure the size and shape of NCs transmission electron microscope (TEM)
were used (JEOL JEM-2100 electron microscope) operated at an accelerating voltage of 200
kV. For XRD measurements, we used a Bruker D8 Advanced diffractometer (CuKa radiation,

L=1.5418 A). EDAX and elemental mapping were done using Carl Zeiss FESEM instrument.
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Unveiling the Influence of Brightness Heterogeneity in Fluorescence
Correlation Spectroscopy of Perovskite Nanocrystals

3.1 Abstract

Nanoparticles (NPs), including perovskite nanocrystals (PNCs) with single photon purity,
present challenges in fluorescence correlation spectroscopy (FCS) studies due to their
distinct photoluminescence (PL) behaviours. In particular, the zero-time correlation
amplitude [g*(0)] and the associated diffusion timescale (tp) of their FCS curves show
substantial dependency on pump intensity (Ip). Optical saturation inadequately explains the
origin of this FCS phenomenon in NPs, thus setting them apart from conventional dye
molecules, which do not manifest such behaviour. This observation is apparently attributed
to either photo-brightening or optical trapping, both lead to increased NP occupancy (N) in
the excitation volume, consequently reducing the g?(0) amplitude [since g?(0) o 1/N] at high
Ip. However, an advanced FCS study utilizing alternating laser excitation at two different
intensities dismisses such possibilities. Further investigation into single-particle blinking
behaviours as a function of Ip reveals that the intensity dependence of g*(0) primarily arises
from the brightness heterogeneity prevalent in almost all types of NPs. This report delves
into the complexities of the photophysical properties of NPs and their adverse impacts on

FCS studies.

3.2 Introduction

The growing demand for optical materials in numerous real applications such as bioimaging,
lasers, and light harvesting has prompted the synthesis of NPs endowed with features like high
emissivity, compact size, non-toxicity, enhanced photostability, and, most importantly, the
devoid of blinking even in single-quantum emission mode.!'"®! Initially, metal chalcogenide
quantum dots (QDs) were favored for these applications due to the ease of their syntheses and

meeting all essential criteria, except for the toxicity stemming from metal ions like Cs*, Cd*",
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and Pb?".[®] Later, non-toxic graphene quantum dot (GQD) was introduced as a substitute,
particularly in bio-related applications, to address the concerns related to cytotoxicity.!?!
CsPbX;3 PNCs (where X=Cl, Br, or I and their mixtures) have recently gained attention for their
exceptional optoelectronic properties, gradually replacing QDs from various devices and

[1-3.13-20] While there is a visible improvement in device efficiency with the

related applications.
integration of perovskite materials into photovoltaic applications, their utilization in
optoelectronics and imaging demands more stringent criteria in their optical properties. This
particularly underscores the importance of synthesizing NPs with high photoluminescence
quantum yield (PLQY), enhanced photostability, and devoid of blinking— qualities that are
not readily available in PNCs. However, the current literature has extensively outlined the
diverse synthetic methods and post-synthetic treatments that succeeded not only in improving
the photostability of PNCs but also in achieving a near-unity PLQY.[*!72!] Recently, there has
been a growing interest in photo-brightening, a process that rapidly improves the optical
properties of PNCs by converting dark PNCs into emissive ones under intense illumination.**
251 The associated mechanism of photo-brightening involves the healing of defects by the swift
migration of halide ions and oxygen to the defect sites, leading to long-lasting improvements
in PLQY and PL lifetime (tn), as evidenced by their sustained levels even after the terminating
illumination.”?! On the contrary, the light-induced ON/OFF switching of individual NPs or
brightness heterogeneity refers to an excited state phenomenon that continues as long as the
illumination is ON without affecting the inherent optical properties of the NPs.[26-28
Unfortunately, both phenomena display identical responses to the FCS probe, posing a
challenge in distinguishing the occurrence of the correct one through conventional FCS study.
In response to varying illumination levels, brightness heterogeneity causes reversible changes
in the blinking behaviors of NPs. Moreover, unlike photo-brightening, brightness heterogeneity

cannot permanently improve the intrinsic optical properties of NPs.[?¢!
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Studies of photo-brightening on surface-immobilized NPs face challenges such as the
gradual loss of PL due to photodegradation, low throughput data acquisition, and the inevitable
impact of surface immobilization.®] Conversely, FCS, conducted in the liquid phase,

(29-32] This efficiently overcomes the above

continuously replaces NPs through diffusion.
mentioned challenges and firmly establishes FCS as the preferred technique for photo-
brightening study.?*333% Given that FCS measurement relies on a small ensemble of NPs, it
can provide evidence for sample heterogeneity and the distribution of characteristic
timescales.’®?’l The origin of any heterogeneous optical property, including NP
subpopulations with distinct brightness (sample heterogeneity), blinking (dynamic
heterogeneity), non-exponential PL lifetime (static and dynamic heterogeneity), and brightness

heterogeneity, cannot be examined without screening with a single-molecule fluorescence

technique.

By employing the pulsed interleaved excitation (PIE) scheme in the FCS study and
subsequent PL blinking analysis recorded on surface-immobilized NP, we realized that, at high
I, brightness heterogeneity is ubiquitous in almost all types of single photon emitter NPs. This
phenomenon perplexed researchers by deviating their FCS curves from ideality at high I,. A
careful analysis of the FCS curves of NPs, considering the effects of brightness heterogeneity
in the analytical fitting function, is essential for accurately interpreting FCS parameters related
to diffusion and trap state dynamics. Nevertheless, formulating a numerical FCS fitting model
that can effectively capture the blinking kinetics of NPs is challenging, primarily due to the
power-law behavior of the kinetics.[*>*%] The average ON and OFF state durations in power-
law blinking are significantly modified by the I, and experimental integration time, resulting
in alterations to the FCS curve across all timescales.[*! Because of all these factors, NP

characterization by FCS is extremely difficult. The overlapping timescales of NP diffusion and
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blinking along with influences from optical trapping further complicate the interpretation of
FCS curves. *7#! Saturation is also known to modify FCS curves by changing the tq or blinking

property itself at high Ip.[3%]

3.3 Synthetic procedures of different nanoparticles
3.3.1 Synthesis of perovskite nanoparticles (PNCs)
3.3.1.1 Cs-oleate Preparation

In a 50 ml two-neck round-bottom (RB) flask, ~21.7 mg caesium carbonate (0.061 mmol) was
dried under vacuum for 30 mins. Subsequently, ~110 ul OA and ~1 ml ODE were added and
vacuum dried for 45 mins. Then the solution was transferred to the N> atmosphere under
constant stirring at ~120 °C until a clear solution of Cs-oleate formed.['”! The Cs-oleate solution

was heated to >100 °C, prior to using it in the next step.
3.3.1.2 Synthesis of Multi-faceted PNCs

In a 25 ml three-neck RB flask, ~44 mg PbO (~0.2 mmol) and ~86 mg DBDMH (~0.3 mmol)
were added to ~5 ml pre-dried ODE solvent and kept under vacuum for 45 mins for drying.
Subsequently, the resultant mixture was transferred to the N> environment with vigorous
stirring at ~130 °C. After a few minutes, ~1 ml OA and ~1 ml OLm were injected into the
mixture under heating. The temperature was then raised to ~200 °C. After the dissolution of all
the materials, the pre-heated ~0.8 ml Cs-oleate was swiftly injected into the reaction mixture
at ~200 °C. The reaction mixture was immediately transferred to an ice bath to quench the
reaction. 2-3 ml methyl acetate was added to the crude and centrifuged at 7000 rpm for 5 mins.
The obtained residue was dissolved in hexane and kept in the refrigerator for 40 mins."'” This
solution was again centrifuged for 10 mins at 12000 rpm. The supernatant was collected in a

glass vial for characterization and spectroscopic measurements. PLQY of cube PNCs (c-PNCs)
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was measured to be ~82%-90%. For 12-(d-PNC) and 26-faceted(r-PNC) nanocrystals
synthesis, phenacyl bromide (~120mg, 0.6 mmol) was taken as a halide precursor.[**! Other
steps are similar as previously discussed for cubic nanocrystal synthesis. Here, the temperature
of the reaction mixture was increased to 220 °C under N> atmosphere followed by 0.5mL Cs-
oleate solution injection. After 15 mins, red solution turned yellowish and then the reaction
mixture was annealed for 20 mins and 45 mins for 12-faceted and 26-faceted NCs formation
respectively. The green crude solution was then ice quenched and purified further for analysis.
For purification, the crude was centrifuged at 8000 rpm for 10 mins and the precipitate was
further centrifuged after dispersing in hexane: MeOAc (4:1) mixture for 5 mins at 6000 rpm.
The obtained precipitate was dissolved again in hexane solvent. The bright green fluorescent
nanocrystal solution was then kept at -20 °C freezing condition for future optical studies. The

PLQY was found to be ~75-80% for both the particles.[**
3.3.2 Synthesis of GQDs

Small, narrow bandwidth (<30 nm) GQDs were synthesized following the reported literature
with slight modification.”! In brief, ~500 mg PG was dissolved into ~12 ml of ethanol via
ultrasonic treatment for 30 mins. Then, the clear solution was transferred into a Teflon-lined
autoclave (25 ml) and placed in a hydrothermal oven, heated for ~5 hours at ~170° C. After the
reaction, the autoclave reactor naturally cooled to room temperature. The crude product was
then purified by silica (60-120 mesh) column chromatography, where a dichloromethane-
methanol mixture was used as eluent. During column separation, the volume ratio of
dichloromethane to methanol was altered dynamically from 10:1 to 5:1. The solid product of
GQDs was obtained after evaporating the solvent in a rotary evaporator. This powder GQD
sample was further dissolved in ethanol/water for characterization and spectroscopic

measurements.”’) PLQY of GQDs was measured to be ~30%.

125 | Page



Unveiling the Influence of Brightness Heterogeneity in Fluorescence
Correlation Spectroscopy of Perovskite Nanocrystals

3.3.3 Synthesis of CdSe/CdS core-shell QDs

CdSe Core Preparation: The CdSe core was grown following the reported literature.!*?! In
brief, in a 50 ml flask, ~120 mg of CdO, ~560 mg of ODPA, and ~6 mg of TOPO was taken
and subsequently degassed for 30 mins at ~120 °C. Then the reaction mixture was kept under
an Ar environment at 350 °C. A solution of Se (~150 mg) in TOP (~1 ml) was injected along
with ~1 ml TOP into the mixture obtained in the previous step when changing the solution
colour from brown to colourless. After 30 s, the flask was cooled down to room temperature.
Next, the resultant reaction mixture containing CdSe QDs was centrifuged for a few mins,

washed, and finally stored in hexane to use in the next step.

Synthesis of CdSe/CdS Core-shell QDs: In a 50 ml flask, ~3 ml ODE, ~3 ml OLm, and ~100
nM CdSe core solution were added. The mixture was degassed at ~120 °C for ~1 hr to remove
dissolved oxygen and hexane. Again, the mixture was heated to ~310 °C under an Ar
environment. Meanwhile, at ~240 °C, ~6 ml Cd-oleate and octanethiol were added dropwise.
Finally, the synthesized CdSe/CdS QDs were centrifuged and dispersed in toluene for further

optical studies. PLQY of CdSe/CdS QDs was measured to be ~75%.
3.4 Sample Characterisation

After synthesizing three different types of PNPs- (i) CsPbBr3 PNCs with different sizes (~8
and ~17 nm) and morphologies, (ii) spherical CdSe/CdS core-shell quantum dots (QDs), and
(ii)) GQDs following the reported literature.l"!>4-*4] Through surface engineering, we were
able to produce PNCs with varying numbers of facets, including 6-faceted cube PNCs (c-PNCs,
~8 nm), 12-faceted dodecahedron PNCs (d-PNCs, ~17 nm), and 26-faceted
rhombicuboctahedron PNCs (r-PNCs, ~17 nm).['*] High-resolution transmission electron

microscopy (HRTEM) investigations unveil average particle sizes [~8 nm (c-PNCs), ~17 nm

126 |Page



Unveiling the Influence of Brightness Heterogeneity in Fluorescence
Correlation Spectroscopy of Perovskite Nanocrystals

(d- and r-PNCs), ~10 nm (CdSe/CdS QDs), and ~3 nm (GQDs)], along with narrow size
distributions of our NPs (Figure 3.1A-E). Optical studies reveal their distinct PL spectra,
featuring narrow spectral widths, emitting in the green (c-, d-, and r-PNCs), red (CdSe/CdS
QDs), and cyan (GQDs) regions (Figure 3.2). We further characterized our samples by AFM,

EDX, XRD, IR, and DLS, demonstrating excellent correlations with reported ones (Figure 3.1

F, Figure 3.2, Figure 3.3). [-11:42-46]
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Figure 3.1. TEM images and particle distribution in (A) cubic PNC (B) Dodecahedron PNC,
(C) Rhombicuboctahedron PNC, (D) CdSe/CdS QD (E) GQDs and (F) AFM image and hight

profile of three GQDs 1, 2 & 3.
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Figure 3.2. Absorption (dotted line) and PL (solid line) spectra of (A) c-PNCs, (B) d-PNCs,
(C) r-PNCs, (D) CdSe/CdS QDs in toluene and (E) GQDs dispersed in ethanol under ambient

conditions. Powder XRD pattern of (F) GQDs, (G) c-PNCs, (H) d-PNCs, and (I) r-PNCs.
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Figure 3.3. DLS studies of PNCs. The studies show the narrow size distributions of (A) c-
PNCs, (B) d-PNCs, and (C) r-PNCs, (D) CdSe/CdS QDs dispersed in toluene and (E) GQDs
dispersed in ethanol. EDAX spectrum of (F) c-PNCs and (G) QDs. Insets show the atomic
percentage of constituent elements. Surface group characterizations of (H) c-PNCs, (I) QDs,
and (J) GQDs by Fourier transform infrared (FTIR) spectroscopy studies show the presence of
COOH, N-H, and O-H groups in the NP surface. Vibrations of C=C, C=N, and C-N= are also

detected for GQDs.

3.5 Pulsed Interleaved Excitation (PIE)-FCS/ Alternating Laser Excitation (ALEX)-FCS

PIE-FCS, or ALEX-FCS, represents an advanced extension of the traditional FCS technique.
PIE FCS is particularly notable for its enhanced capabilities in studying dynamic molecular

interactions, especially in the realm of biophysics.
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Figure 3.4. (A) Scemetaics of PIE FCS experimental set-up. PIE pulses consist of low-power
PLr (~422 nm) and high-power SLr (~375 nm) with a pulse switching rate of 1/(100 ns) (B).
While the intensity of PLr (Ipr;) was fixed at ~0.04 kW/cm?, the power of SLr (Isr;) was

stepwise increased from ~0.04 kW/cm? to ~1.2 kW/cm? in 5 different sets of experiments.
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This technique involves the use of alternating laser excitation of two different
fluorophores, often labelled on interacting molecules. By employing two lasers with different
wavelengths (Figure 3.4 A), PIE-FCS allows researchers to discern the different fluorescent
signals emitted by each fluorophore, enabling the study of interactions such as molecular
binding, dissociation, and conformational changes. PIE FCS is particularly valuable in
elucidating complex biological processes, including protein-protein interactions, ligand-
receptor binding, and other dynamic molecular events. The alternating excitation scheme
enhances the specificity and accuracy of measurements, providing a more detailed

understanding of molecular behaviour in biological systems.

Applying PIE-based excitation during FCS measurements, together with PL blinking studies
on surface-bound nanoparticles, revealed that single-photon-emitting NPs frequently display
strong brightness variations when subjected to high excitation powers. Such variability disrupts
the expected form of FCS correlation curves, which has led to significant confusion in
interpreting data acquired under these conditions. To obtain reliable parameters describing
diffusion or trap-related processes, it becomes necessary to use fitting approaches that

incorporate these fluctuations in emission.

Constructing an appropriate numerical model, however, is far from straightforward. The
blinking dynamics of many NPs follow power-law statistics, and both the excitation power and
the chosen temporal resolution of the experiment reshape the apparent ON and OFF intervals.
Consequently, the entire FCS curve is altered. These factors make it exceptionally challenging
to characterize nanoparticles through FCS alone. Additional complications arise because the
motion of the particle and its blinking behaviour can occur on similar timescales, and optical

forces may further influence the signal. At high excitation powers, saturation effects can also
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reshape the correlation function by modifying either the fluorescence lifetime or the blinking

characteristics of the emitter.
3.6 Results and Discussion

3.6.1 Roles of photo-brightening and optical trapping in the power dependent FCS studies

of NPs

Classical FCS provides insights into the mechanisms causing PL fluctuations by analyzing

39,47-52

autocorrelation curves.! I These mechanisms include the diffusion of fluorophores,

conformational changes of proteins, binding of ligands with macromolecules, changes in the

5.13%31 In our initial investigation

photophysical properties of the fluorophores, and many other:
using conventional FCS, we observed that all our NPs (except GQD) show a reduction in the
g?(0) amplitude at high pump intensity, associated with a prolonged tp (Figure 3.6A-C). This
observation aligns with similar findings reported earlier by other research groups.[26:29-31:33-34]
One may reasonably attribute this observation to photo-brightening or optical trapping since
g%(0) a 1/N, and both processes lead to accumulating NPs in the excitation volume.?*32 Three
known photoinduced processes that can explain the power dependency of g*(0) include (i)
photo-brightening, (i1) optical trapping, and (iii) apparent broadening of the excitation profile
via signal saturation.!*s! Photo-brightening entails a sustained increase in the PLQY and ta of

[26] This is achieved

NPs or the conversion of dark particles into emissive ones permanently.
through one or more of the following light-induced processes: (i) Defect healing of NPs
facilitated by the migration of halide ions and oxygen, (ii) reorganization of the crystal
framework, (ii1) photo-corrosion leading to surface smooth NPs, (iv) stabilization of surface
ligands through photoinduced rearrangements, and (v) surface passivation by photo adsorbed

molecules.!?3333334 On the other hand, optical trapping caused by high radiation pressure

decelerates the apparent diffusion timescale (tp), thereby altering the local concentration and

131 | Page



Unveiling the Influence of Brightness Heterogeneity in Fluorescence
Correlation Spectroscopy of Perovskite Nanocrystals

residence period of NPs traversing the excitation volume.?®*!l Saturation effects can be
observed due to changes in ta or the blinking property itself at high pump intensity. To
comprehend the true impact of photo-brightening and optical trapping in regulating the g*(0)
of our NPs under high intensity, we conducted an FCS study using an advanced pulsed
interleaved excitation (PIE) scheme (Figure 3.4 A, B). Since the effect of photo-brightening
and optical trapping retains “memory” in diffusion, PIE FCS can easily confirm their

occurrences.

Time gating
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Figure 3.5. Time gating scheme for PIE FCS. Our PIE scheme uses two excitation cycles: (1)
375 nm high-intensity SLr (for photo-brightening) and (ii) weakly intense 422 nm PLr (for
FCS recordings). A 100 ns delay separates these two cycles. Utilizing time-tagged-time-
resolved (TTTR) mode and subsequent time-gating enabled us to not only the extractions of
PL-photons related to PLr excitation cycle in the presence of the SLr cycle but the unwanted
PL-photons related to SLr excitations are also simultaneously discarded. PL-photons related to

PLr excitations are correlated to construct FCS curves at different intensities of SLr.
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We employed two alternating excitations in the PIE scheme separated by ~100 ns delay time
(Figure 3.4 B). The 100 ns laser alternation period (tar) is about >10* times faster (and 2-14
times longer) than the diffusion time tp (and PL lifetime 1) of our NPs traversing the excitation
volume. The first laser (Aem~ 422 nm, IRF~ 130 ps) operates at a fixed low intensity (Ipr: ~0.04
kW/cm?), and is designated as probe laser (PLr), used for FCS recording. On the other hand,
the second laser, which emits at ~375 nm (IRF ~140 ps), serves as the high-intensity stimulus
laser (SLr), illuminating the sample to initiate photo-brightening and optical trapping (if present
at all).1>"! The power of SLr (IsLr) was stepwise increased from ~0.04 kW/cm? to ~1.2 kW/cm?
in 5 different sets of experiments (Figure 3.4 B). Both lasers pass through the same objective
(60x), generating uniquely overlapped (yet temporally separated) identical excitation profiles
within the NP solution placed on a coverslip above the objective.*!] More details of the PIE
FCS and its working principle can be found elsewhere.[?**”l PL photons produced during low-
power PLr excitations are selectively correlated through time-gating in the PIE fitting scheme
to extract them precisely (Figure 3.6 D-F, Figure 3.5). Conversely, PL photons related to SLr
excitation are discarded, or if correlated, they would merely replicate the conventional power-
dependent FCS curves illustrated in Figure 3.6A-C. Subsequently, PIE FCS curves recorded
under fixed PLr intensity but varied SLr power (Isir ~0.04-1.2 kW/cm?) are plotted in Figure
3.6 D-F, showing that unlike conventional FCS curves (Figure 3.6 A-C), they are independent
of SLr power. The rapid pulse switching in PIE FCS would allow PLr to detect an enhanced
NP population (if any) resulting from photo-brightening and/or optical trapping caused by SLr
excitation. This can be observed through a reduced g*(0) amplitude in PIE FCS, given that the
Tp 1s significantly slower than the laser alternation period (tart). Reducing tai; further would lead

to excitation pile-up, particularly when ta.i: becomes shorter than ta of NPs.
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Figure 3.6. (A-F) Conventional (A-C) and PIE (D-F) FCS curves of ¢c-PNCs (A, D), r-PNCs
(B, E), and QDs (C, F), dispersed in toluene. The pump power in conventional FCS and SLr
power in PIE FCS were varied stepwise from ~0.04 kW/cm? to ~1.2 kW/cm?. Only the PL

photons related to PLr excitations are correlated in PIE FCS (D-F).

While the conventional FCS curves of our NPs exhibit notable power dependency,
autocorrelation curves derived from PIE FCS are unaffected by SLr power (Figure 3.6D-F). As
mentioned previously, given that the laser switching time in PIE FCS is more than 10* times
faster than the dwelling time of NPs in the excitation volume, optical trapping or photo-
brightening, if caused by SLr, should be realized through an enhanced N [or a reduced g*(0)]
and a slower tp in PIE FCS recorded under PLr excitation at a high SLr intensity. The absence
of such observations in the PIE FCS study unequivocally verifies that there is no actual
alteration in the local concentration of NPs and their diffusion timescales, at least at excitation
power up to 1.2 kW/cm? (Figure 3.6). Thus, PIE FCS rules out the involvement of photo
brightening and optical trapping in the observed power-dependent FCS phenomena, at least

within a timescale comparable to tp and pump intensity up to ~1.2 kW/cm?. Furthermore,
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identical PL-lifetime profiles of NPs and the zero-time amplitudes when recorded for the same
integration time under PLr excitation (with constant I, ~0.04 kW/cm?) in the presence of SLr
at various intensities (0.04-1.2 kW/cm?), definitively establish that there is no alteration in
actual NP occupancy within the excitation volume (Figure 3.6). It is noteworthy that all our NP
samples (PNCs and QDs) demonstrate high PLQYs (>75%) before illumination, providing
limited scope for additional enhancement of their PLQYs through photo-brightening. It is
somewhat unusual for photo-brightening to explain a significant drop in g*(0) or manifolds
increase in NP occupancy in excitation volume at a high pump intensity, as illustrated in
conventional FCS studies (Figure 3.6 A-C). Acknowledging the benefits of high pump intensity
and prolonged illumination time for photo brightening and the latter is difficult to attain in FCS
due to the short illumination time dictated by the millisecond diffusion timescale of NPs, we
undertook a series of experiments to examine the actual occurrence of photo brightening in our
samples upon illuminating for an extended period. In our first experiment, we recorded PL
intensity trajectories of QD embedded in the PMMA matrix for a long time (~300 seconds) at
different excitation powers, showing no sign of increasing the average ON state intensity over
time, contrasting with the typical behavior associated with photo-brightening. In the second
experiment, we performed power-dependent conventional FCS studies on c-PNCs dispersed in
(1) toluene (n ~0.56 cP) and (i1) octadecene ( ~5.04 cP) (Figure 3.8). Octadecene, being ~9
times more viscous than toluene, enables much slower diffusion of c¢-PNCs across the
excitation volume that eventually results in longer irradiation time in the FCS study in
octadecene. This is further confirmed by the much longer FCS-derived diffusion timescale of

c-PNCs in octadecene (~5 ms) than that (~1 ms) in toluene.

135 | Page



Unveiling the Influence of Brightness Heterogeneity in Fluorescence

Correlation Spectroscopy of Perovskite Nanocrystals

(A) Conventional FCS (B) Conventional FCS
0154 Excitation Powezr 0.64 Excitation Power
-._.- @ 0.081s (5 kWicm' ) @ 0.4 kw,lcmz
R @ 0.21s (20 kwicm?) oa @ 1.04 kWicm?2
= 0.10+ o 03Is(30kWem?d)| £ @ 2kWiem?
w ”JEHN 0. CLNmf”J w Q ‘ G
005 WSO, 0.2 Qgggq
N C o i D
‘.-:\y‘ O 0 Hy
0.002ex~ 470 nm 0.012ex ~ 422 nm
0001 001 01 1 10 0.001 0.01 01 1 10 100 1000
Time (ms) Time (ms)

Figure 3.7. (A-B) Conventional FCS curves of r6g (A) and GQD (B) as a function of excitation

intensity (Ip). For r6g, Ip was varied from ~0.08 times saturation intensity (Is) to 0.3xIs.
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Figure 3.8. Conventional FCS curves of c-PNCs dispersed in toluene (top) and octadecene
(bottom) at different excitation powers (0.04 kW/cm?-1.2 kW/cm?). Identical experimental
conditions and similar sample concentrations were maintained in both experiments. Due to the
higher viscosity of octadecene, the residential time of NPs in the excitation volume would be
much longer in octadecene as compared to toluene. Even after that, the change in g?(0) with
power remained similar in both the solvents for similar changes in excitation power. If photo
brightening had caused reduced g?(0) at elevated power, we would have observed more
reduction of g2(0) in octadecane. No such observation rules out the involvement of photo
brightening in the observed FCS phenomenon.
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We took the diffusion timescales from the lowest excitation power data for comparison since
realistic FCS parameters are obtained only at low excitation power. Interestingly, no further
reduction in g%(0) can be observed in octadecene when compared to toluene, despite longer
irradiation time in octadecene (Figure 3.8). Figure 3.8 shows a side-by-side comparison
between the FCS curves recorded in two solvents across the excitation powers under identical
experimental conditions and sample concentration. g?(0) reduces by a similar extent in both the

solvents upon increasing the excitation power from ~0.04 kW/cm? to 1.2 kW/cm?.

If photo brightening were present, we would have observed a larger reduction of g*(0)
amplitude in octadecene compared to that in toluene in the intermediate to high excitation
power regime (insets of Figure 3.8). In the third experiment, we illuminated a colloidal solution
of ¢-PNCs with UV light (~365 nm, ~0.4 mW/cm?) to confirm or disprove further the
occurrence of photo-brightening. However, instead of observing an increase, we noted a
gradual decrease in PLQY over time, again contrasting with the expectation of photo-

brightening (Figure 3.9).

Furthermore, the possibility of photobleaching altering the conventional FCS curves at high
intensity is eliminated by the fact that if an NP undergoes photodegradation within its diffusion
time (tp), the apparent tp would be faster without changing its contribution to the
autocorrelation amplitude. However, an opposing trend was observed, with longer tp at higher

pump intensity (insets of Figure 3.6 A-C).
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Figure 3.9. Steady-state PL intensity of c-PNCs (dispersed in toluene) as a function of time
under UV irradiation (~365 nm, ~0.4 mW/cm?). The plots show the relative PL intensity
[I(t)/1(0)] of c-PNCs as a function of irradiation time. Experiments were performed in a quartz
cuvette and repeated two times, showing identical deteriorations of PLQYs of PNCs even in
the presence of weakly intense UV light. The inset shows typical PL spectra of PNCs at
different irradiation times. This observation is clearly in contrast with the photo-brightening

phenomenon.

3.6.2 Impact of Signal Saturation on the Power-Dependent FCS Studies of NPs

Signal saturation can significantly modify FCS curves of NPs at high intensity, which may
result from a change in T or be inherent to the blinking phenomenon itself.?! Unfortunately,
PIE FCS can neither confirm nor dismiss the influences of saturation in power-dependent FCS
behaviors of our NPs. In contrast to photo-brightening or optical trapping, excitation saturation
by Isir does not leave any lasting impact on NP diffusion and occupancy after pulse
switching.[**) Our PIE FCS can only detect photoinduced changes to NP if their effects persist

for a duration longer than the pulse switching time, which is approximately 100 ns here.
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However, the saturation of the signal induced by Is.:, vanishes immediately upon pulse
switching. Weakly intense PLr pulses consistently create identical excitation volumes without
a saturation effect, regardless of SLr intensity. This characteristic renders PIE FCS curves under
PLr excitations immune to excitation saturation by SLr.[**! The argument above implies that
the absence of power dependency in PIE FCS cannot serve as conclusive evidence of the non-
involvement of signal saturation. To assess the role of saturation in the observed power-
dependent FCS phenomena, we first determined and then compared the saturation intensities
(Is) of our NPs (c-PNC and QD) whose FCS curves exhibited pronounced power dependency,
and an organic dye molecule, rhodamine 6g (r6g) which demonstrated power independent FCS
curves. The Is was determined by fitting a saturation curve, which is a plot of PL count rate (S)

as a function of pump intensity (Ip), to the following equation (Figure 3.10).

S=SoxTp/(Ip+1;) 3.1)

A B C
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Figure 3.10. The fluorescence count rate as a function of pump intensity (Ip) for (A) r6g (B) c-
PNC, and (C) QD, showing signal saturation as Ip increases. Saturation intensities (Is) were

derived from fitting the plots by Equation 3.1.

The best-fitted curves resulted in comparable Is values from r6g (~102 kW/cm?) and NPs

(~127-142 kW/cm?), although the expectation of much lower I values from the NPs due to
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their longer tn and larger absorption cross-sections (o) are predicted by the following

equation. 6]
I, = (ot) /(1 + Ki5¢/ ) (32)
S kph .

The above equation is generally used for organic dyes to predict their I values based on their

o, T, intersystem crossing rate (kisc), and phosphorescence rate (kpn).
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Figure 3.11. Graphs depicting occupancy (N) and diffusion time (tp) as a function of pump
intensity (Ip) plotted on the absolute scale along the bottom x-axis, and relative to saturation
intensity (Is) along the top x-axis, respectively, for (A) r6g (B) c-PNC and (C) QD. r6g data in
Figure A illustrates that the saturation effect can change FCS parameters only when pump
intensity reaches >0.4xIs. However, for ¢c-PNC and QD, N, and tp apparently increase >6-to-9
folds (N) and >2 times(tp), respectively, as the excitation power changes within a range much
lower than their respective Iss; i.e., from ~ 0.0003xI5 (0.04 kW/cm?) to ~0.010xI5 (1.2 kW/cm?).
Therefore, saturation alone can’t explain the significant power dependency of the FCS curves

of our NPs.

Since an analogous equation for NPs is not available because of their unknown dependence of

blinking parameters on pump intensity, we directly derived Iss of our NPs from the fittings to
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the plots of PL count rate (S) as a function of pump intensity (Ip) by Equation 1 (Figure 3.10).
Getting similar Is values from r6g and NPs is not surprising to us because the predicted Is from
equation 2 is based on the assumption of exponential triplet kinetics, which is, although correct
for dye molecules, not applicable to our NPs. Also, the tq of NP experiences a significant
quenching at high pump intensity due to Auger processes. These factors immediately provide

an explanation for the relatively higher values of Is of our NPs.

Next, we plotted N and 1p as a function of pump intensity (and relative to Is) derived from
conventional FCS studies on r6g and compared them with the analogous plots for ¢c-PNC and
QD (Figure 3.11). The intention was to understand the effect of saturation on the power-
dependent FCS phenomena of our NPs depicted in Figures 3.6A-C. Figure 3.11A illustrates the
N and 1p of r6g as a function of Ip in absolute scale (along the bottom x-axis) and relative to Is
(along the top x-axis). The graphs show that N begins to rise when the Ip surpasses ~0.4 times
the saturation level I, indicating the onset of the saturation effect at a threshold of 0.4xI.
Nevertheless, o did not exhibit a notable change with Ip, and we attribute this observation to
the photobleaching of r6g at high intensity. As mentioned earlier, if a dye undergoes
photobleaching within its diffusion time, the resultant tp is shortened, while the dye's
contribution to the correlation amplitude determining the occupancy remains constant. Hence,
the actual deceleration of tp due to saturation cannot be observed if the dye undergoes
photobleaching. Figures 3.11B and 3.11C depict the analogous plots from ¢c-PNC and QD. In
contrast to r6g, the power-dependent study in these cases was conducted in a regime much
lower than their respective saturation intensities [Is ~127 kW/cm? (c-PNC) and 142
kW/cm?(QD)]. We made slight variations in the pump power, ranging from ~0.0003 to ~0.010
times their saturation intensities, leading to changes of more than 6-9 folds in N and 2 folds in

tp, as illustrated in Figure 3.11B-C. The study on r6g has conclusively demonstrated that
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discernible changes in FCS parameters due to saturation occur when the intensity level reaches
at least half of its saturation intensity (Figure 3.11A). In fact, a simulation by Hess and
coworkers also demonstrated an insignificant change in N in the power regime extended up to
0.3 times of I,.*% Thus, significant change in the FCS amplitude of c-PNC or, in general, any
of our NP samples (except GQD) depicted in Figures 3.6A-C resulting from a power shift
within a regime few orders of magnitude lower than their respective saturation intensities,
cannot be attributed solely to the saturation effect. If we exclude the effects of photo-
brightening and optical trapping, while also considering a minor contribution from saturation,
the primary factor remaining to elucidate the power dependency of FCS curves of our NPs is
brightness heterogeneity. Subsequent paragraphs elucidated brightness heterogeneity, which

refers to the light-induced ON/OFF blinking of individual NPs.[2®!
3.6.3 Manifestation of Brightness Heterogeneity in FCS Curves of NPs

With increasing laser intensity in an FCS study involving an organic dye with a high
intersystem crossing rate, a distinct shoulder emerges at ps-correlation time regime. Given that
transitions to triplet states follow well-characterized exponential kinetics at ps timescale, their
impact is restricted to the initial time regime of the FCS curve. B%°!! Furthermore, irrespective
of the pump power, the absence of distribution in characteristic triplet timescale implies that
the PL blinking of a dye lacks brightness heterogeneity. In contrast, NP blinking follows power-
law statistics, which is pump-intensity dependent and devoid of a distinctive timescale,
indicating significant brightness heterogeneity.!>>>% The consequence of power-law blinking

involves the occurrences of OFF-periods in NP blinking at various time scales with non-

142 |Page



Unveiling the Influence of Brightness Heterogeneity in Fluorescence
Correlation Spectroscopy of Perovskite Nanocrystals

negligible probabilities, consequently affecting FCS measurements across all temporal
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Figure 3.12. (A-C) The second-order cross-correlation functions [g‘?] recorded on individual
surface immobilized c-PNC (A), QD (B), and GQD (C), under low pump intensity [excitonic
occupancy ~<0.008, Aex ~422 nm]. While g@ of ¢c-PNC and QD exhibits a dip at time zero,
GQD excludes this feature, implying unlike the other two, GQD is not a single quantum emitter.
(D) PL intensity trajectories recorded on a single QD at different intensities show a larger OFF
state fraction at high pump intensity, accompanied by a higher ON/OFF switching rate. We
attribute this behavior to brightness heterogeneity. (E) GQD's PL trajectory comprises only ON
states with a uniform intensity distribution unaffected by excitation power, indicating minimal

brightness heterogeneity. In all the cases, NPs were embedded in the PMMA matrix.

Brightness heterogeneity emerges when the PL from individual NPs involves blinking with an
average ON/OFF time depending on the experimental observation time, allowing blinking to

manifest across all timescales.?®! Furthermore, brightness heterogeneity renders ON/OFF time
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distribution pump intensity dependent. [>>>1 All these characteristics inevitably affect the entire
FCS curves of NPs based on the pump intensity. To establish the brightness heterogeneity in
the PL properties of our NPs that resulted in power-dependent FCS, we first studied the
antibunching, which showed a dip at time zero (Figure 3.12 A-B). The antibunching effect is
commonly observed in individual systems exhibiting PL blinking or intermittency, which is a
prerequisite for demonstrating blinking and, thereby, brightness heterogeneity. [3°-6!
Subsequently, we investigated the PL intensity time trajectories recorded on individual surface

immobilized NPs under varying pump intensities. The results revealed a higher OFF state

fraction (Figure 3.12D) and longer OFF durations at elevated pump intensity.

Subsequently, we derived and plotted the occurrence probabilities of OFF times for our
NPs in log-log representations at both low and high powers. The linear plots show significant
modifications in occurrence probabilities of OFF-times at high power, pointing toward
brightness heterogeneity (Figure 3.13).1%3%1 The OFF-time probability function [p(tor)] was
derived from analyzing the intensity states below a threshold level placed halfway between the
average OFF and ON-intensity levels of a sufficiently long PL intensity trajectory.l>) While
the bin size (5 ms) limits the shortest OFF-time, the longest OFF-time, however, can be
comparable to the acquisition time (a few seconds or more). The probability distributions of
OFF time periods [p(wff)], when represented in a log-log scale, exhibit a linear trend, fitting
well to a power-law equation of the form p(Tom)XTor™.>%1 Power-law exponent (m),
representing the relative rate of charge detrapping in NP, exhibits higher magnitude at lower
excitation power (Figure 3.13).[91 Analysis of p(tofr) reveals two crucial observations that have
direct implications with FCS: (i) The statistics of OFF times showcasing a wide distribution
spanning six orders of magnitude in time are strongly influenced by excitation power. This

implies that the FCS curve of NPs is subject to modification across all timescales depending
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on the intensity. (ii) A relatively high rate of carrier de-traping (m) at low excitation power
keeps the ON state predominant, leading to a lesser brightness heterogeneity. Further support
for this assertion is provided by the fact that the diffusion times (tp) of NPs obtained from FCS
closely match the ones calculated from the hydrodynamic radii (DLS derived) of NPs, only at

low excitation power (Figure 3.11B-C).
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Figure 3.13. (A-C) Probability distribution of OFF-times for c-PNC (A), r-PNC (B), and QD
(C) at differnt pump intensities along with the fitted lines, showing their OFF-times are not
only power-law distributed but also extended across all time scales, that can influence the entire

FCS curves of these NPs based on the excitation power.

To furnish additional evidence showing brightness heterogeneity as the underlying cause of
power-dependent FCS curves of NPs, we performed FCS analysis on non-blinking GQDs,
revealing FCS behaviors that are independent of excitation power. This observation provides
direct proof of the correlation between the power-law blinking of NPs and their power-
dependent FCS behaviors. Antibunching study on individual GQDs displays a high zero-time
amplitude of second-order correlation [g2(0)], suggesting multichromophoric emission, which
agrees well with previous reports (Figure 3.12 C).[% The absence of antibunching is generally
observed in individual systems without possessing PL blinking, which is not an exception here,

as depicted in Figure 3.12E; the PL intensity trajectory of GQD lacks OFF states even at a high
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excitation power. These observations suggest minimal or no brightness heterogeneity in PL

properties of GQD, rendering their FCS curves power-independent.

Importantly, even with the pronounced blinking and antibunching behaviors, r6g’s FCS
curves remain unaffected by excitation power (Figure 3.7).[6*) These characteristic holds, at
least within the power range similar to the one used for our NPs. In contrast to power-law
blinking, the triplet kinetics of r6g are characterized by a well-defined timescale in the ps
regime. This temporal characteristic impacts only the initial time correlation of the FCS curves.
In fact, the lack of modifications in the initial correlation suggests that even the highest
excitation power is insufficient to populate the triplet state of r6g (Figure 3.7). In light of the
above observations, we conclude that well-characterized triplet blinking of organic dye

molecules cannot result in brightness heterogeneity in their PL properties.

3.6.4 Deciphering Brightness Heterogeneity from Studying Fluorescence Lifetime

Intensity Distribution (FLID) Map

To gain deeper insights into the brightness heterogeneity in the PL properties of our NPs, we
examined FLID plots at various pump intensities.!>*>"*4] These plots were derived from time-
tagged-time-resolved (TTTR) measurements on individual surface-immobilized NPs (Figures
3.12D-E).>*%78 Our analyses show single photon emitter NPs (PNC and QD) demonstrate a
direct correlation between PL lifetime (tp) and intensity (Ip) irrespective of the pump intensity
with a bimodal characteristic of their FLIDs where the occupancy probability of the individual
states in TpL-IpL space is shown by a false color changing from blue (least-probable) to red
(most-probable) (Figure 3.14). Since the drop in IpL is accompanied by proportionate shortening
of the tpL, we assign this blinking to type-A, a fingerprint of photoinduced charging/discharging
of NPs.[*) Weakly intense OFF-states are referred to as trion states in the framework of type-A

blinking. Trion is a charged exciton whose relaxation occurs either by an efficient
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nonradioactive Auger process, by transferring recombination energy to a third carrier, or via
radiative recombination with a rate twice faster than the radiative recombination rate of a
neutral exciton.**) While the OFF-states are weakly intense, short-lived trion states [Ty ~1.3
ns/2.0 ns/1.5 ns (c-PNCs/d-PNCs/r-PNCs) and ~2.3 ns (CdSe/CdS QD)], ON-states are bright
and long-lived neutral excitonic states [tx ~9 ns/17 ns/18.5 ns (c-PNCs/d-PNCs/r-PNCs) and
~45 ns (CdSe/CdS QD)]. Since, in all the cases, excitation intensity was substantially low (~2
W/cm?), the biexciton Auger recombination causing the OFF-state is unlikely. However, high
pump intensity renders more trion states (and possibly biexcitons), indicated by increasing
occurrence probability of short lifetime state in FLID at the cost of decreasing ON state
probability (Figure 3.14 D-E). Also, the OFF-state fraction increases with pump intensity,
pointing toward a photoinduced mechanism controlling the blinking of single photon emitter
NPs (PNC and QD). As discussed earlier, a qualitatively similar observation was obtained in
power-dependent PL intensity trajectory studies and subsequent analyses of OFF-time
probabilities. All these observations suggest that the power-dependent ON/OFF blinking of
individual NPs is the key to their unusual behaviors in conventional FCS studies. This assertion
was further verified through the examination of FLID of non-blinking GQD. Unlike the
bimodal distribution in FLIDs of PNC and QD, FLIDs of GQD involve a single probability
state in IpL-tpL space, irrespective of the pump intensity (Figures 3.14C and 3.14F). This is
because our GQD emits a stream of photons, rendering its PL intensity trajectory devoid of
OFF states (Figure 3.12E). The overall count rate increases at a higher pump intensity without
introducing OFF-states (Figure 3.12E). Thus, the PL property remains largely intact with

excitation intensity, leading to its FCS curve power independent (Figure 3.7). Unlike other NPs,
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the FLID of GQD displays no change in the probability of ON-state and its distribution pattern

with pump intensity, implying devoid of brightness heterogeneity.
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Figure 3.14. FLIDs of (A, D) ¢c-PNC, (B, E) QD and (C, F) GQD at low (upper panel) and high
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(lower panel) pump-intensities, obtained from correlating single particle lifetime (tpL) and
intensity (Ipr) histograms shown on the top (tpL histogram) and right side (Ipr histogram) of the
FLID plots. The occurrence probability of a given state in the tpL-IpL space is represented by
false color, changing from red (most probable) to blue (least probable). While the single photon
emitter NPs exhibit occurrence probabilities of ON (bright) and OFF (dim) states in IpL-tpL
space are pump-intensity dependent, multichromophoric GQD keeps ON state probability
unity irrespective of the excitation power (C, F). This observation suggests that except for
GQD, all other NPs exhibit a pronounced brightness heterogeneity at a high pump intensity, as
indicated by the shape-changing of their probability states from near-circular or oval at low
intensity (A-B), to distorted ones comprised of multiple sub-states with non-negligible

probabilities at high intensity (D-E).
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The PL intensity trajectories of single photon emitter NPs under low pump intensity display
longer ON periods with less blinking (Figure 3.12D). Assuming minimal blinking or brightness
heterogeneity of NPs at an extremely low pump intensity, we examined low-power
autocorrelation curves to derive the most accurate tps. These were then compared to the
predicted values based on their hydrodynamic radii obtained from DLS studies, revealing an
excellent correlation (dashed lines in Figure 3.11B-C). However, FCS-derived tps defer
significantly from the DLS-predicted ones as the pump intensity increases because of the
enhanced brightness heterogeneity (Figure 3.11B-C). This observation suggests that
characterizations of NPs by FCS are possible only at an exceptionally low pump intensity.
However, samples like GQDs, which lack blinking, pose no interference to the FCS probe

during characterization and allow their easy characterizations by this technique.

3.7 Conclusion

To summarise, the brightness heterogeneity or blinking of single photon emitter NPs causes a
significant deviation of their FCS curves from ideality especially at an elevated pump intensity
that can’t be explained by optical saturation alone. Indeed one can’t rule out a little contribution
of saturation to the observed power dependent FCS behaviours of NPs. The most intriguing
finding of our study is the power-independent behavior of the g*(0) amplitude and tp of single
quantum emitter NPs in PIE FCS. However, these same parameters exhibit high sensitivity to
variations in pump intensity in conventional FCS. This observation rules out the involvement
of photo-brightening and optical trapping in modulating conventional FCS curves of NPs at
high intensity. Further investigation of the PL-intensity trajectories of individual NPs reveals
their blinking follows power-law statistics, with ON/OFF switching rates being pump-intensity
dependent. Unfortunately, no numerical fitting function is available, which includes diffusion,

power-law blinking, and their overlapping timescales.
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Brightness heterogeneity often misleads researchers by causing deviations of FCS
curves from ideality. Without a comprehensive understanding, brightness heterogeneity might
be misinterpreted as photo brightening or optical trapping, as they can lead to similar
observations. While characterizing NPs by FCS or, in general, any nanomaterial with intense
blinking characteristics, one must refrain from using high excitation power to avoid enhanced
blinking that can potentially alter the FCS parameters to unrealistic ones. Our analysis of OFF-
times statistics indicates an alteration of the FCS curve of NPs across all timescales with
increasing excitation power in a qualitative sense. However, further exploration through
computational studies is essential to establish a direct correlation between the power-law

blinking of NPs and its implications in FCS studies.
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Facet Dependent Photoluminescence Blinking from Perovskite
Nanocrystals

4.1 Abstract

Photoluminescence (PL) blinking of nanoparticles, while detrimental to their imaging
applications, may benefit next-generation displays if the blinking is precisely controlled by
reversible electron/hole injections from an external source. Considerable efforts are made
to create well-characterized charged excitons within nanoparticles through electrochemical
charging, which has led to enhanced control over PL-blinking in numerous instances.
Manipulating the photocharging/discharging rates in nanoparticles by surface engineering
can represent a straightforward method for regulating their blinking behaviors, an area
largely unexplored for perovskite nanocrystals (PNCs). This work shows facet engineering
leading to different morphologies of PNCs characterized by distinct blinking patterns. For
instance, examining the PL intensity trajectories of single PNCs, representing the
instantaneous photon count rate over time, reveals that the OFF-state population
significantly increases as the number of facets increases from six to twenty-six. This study
suggests that extra-faceted PNCs, owing to their polar facets and expanded surface area,
render them more susceptible to photocharging, which results in larger OFF-state
populations. Furthermore, the fluorescence correlation spectroscopy (FCS) study unveils
that the augmented propensity for photocharging in extra-faceted PNCs can also originate

from their greater tendency to form complexes with neighbouring molecules.

4.2 Introduction

Auger recombination in nanoparticles causes the transfer of the electron-hole binding energy
non-radiatively to a third carrier, leading to intra-band excitation of the carrier that eventually
relaxes by dissipating excess energy to heat.!!! Auger recombination in small nanoparticles,

including PNCs, is exceptionally fast, attributed to the proximity of interacting charge carriers
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and the contribution of momentum conservation relaxation to the dynamics. As a result, the
overall recombination timescale significantly reduces to a few hundred picoseconds (ps) or
even less.>7-81 The presence of a charged exciton in nanoparticles with a high Auger
recombination rate leads to a weakly emissive state that presents detrimental effects on LED
and imaging applications. For example, previous studies have shown that the emission of a
quantum dot light-emitting diode (QD-LED) is significantly diminished by the charging of the
emitting layer, leading to enhanced nonradiative Auger losses, that eventually limit the external
quantum efficiency of a LED."1? Nevertheless, deliberately engineered charged excitons (or
trions) can hold significant promise for potential benefits in next-generation display
applications whose operation may necessitate an imbalance between hole and electron injection
rates. This would enable selective trion-induced darkening of specific pixels on a display while

maintaining emissivity in others.!!31!

To efficiently utilize charged excitons in a display application, harvesting well-characterized
trion states and exercising meticulous control over their dynamics would be

[15] Recent studies have unveiled several strategies, such as electrochemical charge

necessary.
injection, photochemical doping, and modifications in core/shell geometry, which can aid in
the formation of well-characterized trion states in nanoparticles.!'®?! However, implementing
these strategies in real-world applications remains challenging due to the inherent complexity
of these processes. Numerous other studies have explored relatively simpler approaches, such
as changing particle morphology, heterostructure, nanoparticle volume, etc., to regulate the
Auger processes, including trion recombination, in both perovskite and non-perovskite
quantum dots. However, many of these studies have uncovered rather intricate patterns of

dependency of Auger dynamics on these parameters.[!”- 1% 22-33] Several of them have proposed

various recombination pathways in nanoparticles that can be further correlated in elucidating
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their blinking behaviors. Therefore, these fundamental insights can serve as a foundation for

integrating these nanoparticles into diverse optoelectronic applications.

The literature survey suggests that although surface engineering is believed to be one of the
most straightforward strategies that can render greater control over nanoparticle blinking, there
have been less number of studies on conventional quantum dots (QDs) and no reports on PNCs
in this topic. Nevertheless, the relationship between blinking and particle size is well
demonstrated for cube PNCs.[-** A notable example lies in a study conducted by Kim and
colleagues, where they examined the PL blinking of CH3NH3PbBr3 PNCs of different
sizes.!!! Statistical analyses of their single dot PL intensity trajectories showed a progressive
rise in ON-time fraction as particle size increased, correlating with the observed higher
photoluminescence quantum yields (PLQY's) of bigger particles.!'! A recent report by Pradhan
and colleagues claimed the first instance of surface-engineered CsPbBr; PNCs, resulting in two
unusual morphologies other than cubes.[**! Their surface-engineered PNCs exhibit uniform
sizes but differ in their number of facets. Starting with six-faceted cube PNCs (c-PNCs), to
twelve-faceted dodecahedron PNCs (d-PNCs), and finally to twenty-six-faceted
rhombicuboctahedron PNCs (r-PNCs).1*>) Numerous subsequent investigations have affirmed
the enhanced potentials of PNCs with unusual morphologies, which have documented
improvements in various parameters relevant to their optoelectronic and photovoltaic

[36-40

applications. I For instance, in seminal works, Ghosh et al., for the first time, and our group

subsequently reported decelerated hot carrier cooling in extra faceted PNCs caused by an

efficient polaron formation.37- 38

To the best of our knowledge, the present study constitutes the first report on facet-dependent
PL blinking from CsPbBr3 PNCs. Our work renders greater control on PL blinking of PNCs by

altering particle morphology. Intriguingly, we observed an augmented propensity for forming
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trions in extra-faceted PNCs. Our findings suggest that surface engineering is the most
straightforward method for controlling the Auger processes in PNCs. The findings of our work
would open a new avenue for the potential utilization of PNCs in next-generation

optoelectronic devices.
4.3 Synthesis of Facet Engineered CsPbBrs Nanocrystals

Syntheses of 6 faceted cubic (cPNC), 12 faceted rhombic dodecahedron (dPNC), and 26
faceted rhombicuboctaheron (rPNC) followed the reported procedures. 2% High-temperature
sample drying under an inert environment was considered in almost every step. In brief, first,
we prepared cesium-oleate by heating the required amounts of Cs2CO3, oleic acid (OA), and
octadecene (ODE) at ~130°C for ~60 minutes under N2 environment. Obtained cesium-oleate
was preheated to >100 0C, before using it in the following steps. Next, required amounts of
PbO, phenacyl bromide, oleic acid (OA), oleylamine (OAm), and ODE were mixed together
and heated to a temperature of ~130°C under an inert atmosphere. A red-colored reaction
mixture was obtained, and then the temperature was increased further to >200°C. After
prolonged heating (~1 hr), ~0.5 ml Cs-oleate (prepared in the first step) was quickly added to
the reaction mixture. Then, the reaction was quenched in an ice bath after 20 minutes of
annealing. The obtained d-PNC sample was purified through repeated centrifugations in a
solvent mixture following a procedure described in the literature. ¢3! --PNCs and c-PNCs
were synthesized following an identical procedure discussed above for d-PNCs, except for the
annealing time; here, it is ~45 minutes (for r-PNCs) and ~1 minute (for c-PNCs), respectively.
The rest of the steps are similar to the synthesis of d-PNCs, apart from a few slight

modifications reported elsewhere. 368

4.4 Sample Characterisation
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The synthesized CsPbBr3 PNCs with 6- (cube, c-PNC), 12- (dodecahedron, d-PNC), and 26-
(thombicuboctahedron, r-PNC) facets shows almost similar PLQY of ~80%.1*>
401 Figure 4.1(A-C) illustrates high-resolution transmission electron microscopy (HRTEM)
images of our PNCs exhibiting various morphologies. The inset in each figure displays size
distribution, showing comparable average edge lengths (=16 = 1 nm) across the morphologies,

with 15-20% size dispersions.
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Figure 4.1. (A—C) HRTEM images of PNCs with 6-facets (cube, c-PNC) (A), 12-facets

o
o
=)

(dodecahedron, d-PNC) (B), and 26 facets (thombicuboctahedron, r-PNC) (C), (D) The powder
XRD patterns of (A) c-PNCs, (B) d-PNCs, and (C) r-PNCs closely resemble with the reported

ones. (G) PL lifetime curves of all three PNC samples dispersed in toluene. Lifetimes were
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recorded at their respective emission peak positions. Samples were excited by a ~405 nm diode
laser (IRF ~ 90 ps). (H, I, K, L) XPS patterns of d-PNC (full range and survey scan), along
with peak assignments. (J) PL (Aex ~400 nm) and absorption spectra of PNCs dispersed in

toluene.

Larger and smaller particles were identified and eliminated through spectroscopic screening,
involving critical analyses of their spectral signatures and lifetime profiles derived from single-
dot studies. Spectral signature includes their PL peak positions and full width at half maxima
(FWHMs) of their single dot emission spectra. Additional characterizations of our PNC
samples were performed by XRD (Figure 4.1D-F), excited state lifetime plots (Figure 4.1G)
XPS (Figure 4.1H,ILK,L), and steady-state optical studies (Figure 4.1J); all results nicely
correlate with previous reports. XPS analysis confirms the binding energy signatures (Figure
4.1H,ILK,L) corresponding to Cs, Pb, Br, C, and N in the dodecahedral CsPbBr3 nanocrystals.
The elemental ratio of Cs:Pb:Br (~0.59:0.74:3.1) agrees well with the expected CsPbBr3
stoichiometry. The observed binding energies for Cs 3d3» and Cs 3ds/; appear at 738.15 eV and
724.11 eV, respectively. Similarly, Pb 4f7, and Pb 4fs/, peaks are located at 138.1 eV and 143.1
eV. The spin—orbit doublet of Br 3d shows peaks at 68.02 eV (3ds/2) and 69.26 eV (3d3p),
consistent with earlier literature. A peak near 399 eV (N1s) indicates the presence of tertiary
nitrogen, supporting the formation of tertiary ammonium ions via nucleophilic substitution
between oleylamine and phenacyl bromide. This tertiary ammonium species likely serves as a
ligand, promoting the dodecahedral morphology. The same reason is valid for synthesis of more
faceted rhombicuboctahedron morphology while the primary ammonium ion gives normal

cubic morphological structure.

161 |Page



Facet Dependent Photoluminescence Blinking from Perovskite
Nanocrystals

4.5 Results and Discussion

4.5.1 PL Blinking and Antibunching Study of Different Faceted Nanocrystals

Considering the high dilution of PNC samples as a prerequisite for the blinking study, we
conducted a thorough assessment of the surface quality and photochemical stability as a
function of dilution across the morphologies through the following experiments: i) PLQY
measurement which indicates a moderate decline with dilution in a pure solvent but can be
mitigated by employing a solution containing ~3% PMMA [poly(methyl methacrylate)]

(Figure 4.2A-F). So, we performed single dot measurements in PMMA matrix.
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Figure 4.2. PL spectra of c-, d-, and r-PNCs dispersed in toluene when excited at 400 nm,
normalized by their respective ODs at 400 nm at different dilutions (up to 5x) in the presence
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(A,C,E) and absence (B,D,F) of 3% PMMA. Insets show PLQYSs as a function of the dilution
factor. In the absence of PMMA, PLQY decreases for all three samples with dilution but
remains nearly the same in the presence of PMMA. (G-I) Second-order cross-correlation
functions [g%(t)], recorded on three randomly selected PMMA embedded dots (particle numbers
1, 2, and 3 in the above confocal images) from each PNC sample. We observed nearly 30-40%
photon-coincidence fraction, which is expected for our bigger-sized particles due to the slower
Auger recombination rate reported earlier by Masuo and coworkers using similar-sized
particles.!® (J-L) Few representatives of the PL trajectory of ¢c-PNC without PMMA, show
photodegradation within the first 60 s of exposure. The right sides of the main figures show
corresponding intensity histograms with larger populations of OFF-states. (M) PL intensity
decay curves were recorded from two c-PNCs, one embedded in PMMA and the other on the
bare coverslip. Faster decay of the latter signifies photodegradation. This trend is consistent
across repeated studies involving other particles. (N) An example of a typical PL trajectory of
PNC embedded in PMMA is considered a stable particle if the average ON-state intensity
remains stable for at least 3 minutes and the emission spectra collected during the first and the
last 30 s remain identical in their peak PL positions and FWHMSs. This behaviour cannot be
obtained without PMMA. A 422 nm pulse laser (5 MHz repetition rate) with Ip ~2 W/cm? was
used for the excitation. (O) TEM images of r-PNCs at single particle dilution. Insets show high-

resolution images. Structural integrity is preserved even at single-particle dilution.

(11) Statistical analysis of photons emitted from a PNC dot embedded in PMMA reveals
antibunching behaviour, with an average photon-coincidence of =30-40% at time zero (Figure
4.2G, H, I). ii1) PL-intensity traces of PNCs embedded in PMMA matrix show stable ON-state

intensities with time. However, the same decreases significantly during the first 60 s of
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exposure in the absence of PMMA, driven by photochemical degradation. This effect is more
prominent in extra-faceted PNCs (Figure 4.2 J-M & N). iv) TEM measurement which shows
retention of facet structure in extra-faceted PNCs even at single dot dilution (Figure 4.2 O).
This observation rules out any involvement of nanocrystal clusters in our blinking study. All
these studies collectively indicate that our extra-faceted PNCs maintain their structural and

optical integrities at single dot dilutions only when embedded in a PMMA matrix.

Earlier studies on PNCs have reported arbitrary PL fluctuations between bright (ON) and
weakly emissive (OFF) states, referred to as PL-blinking or intermittency, stemming from

n.2441Using time-tagged, time-

nonradiative band-edge carrier (NBC) and trion recombinatio
correlated single photon counting (TCSPC) measurements of PL blinking on PNCs (CsPbls/
CsPbBr3), Klimov and colleagues confirmed that the bright state emerges from charge-neutral
excitonic recombination, while the OFF state stems from the charged exciton or trion
recombination.”] On the contrary, Xiao and colleagues observed that the origin of the OFF-
state in CsPbBr; PNC lies in NBC recombination.!*8] Samanta and coworkers observed both
types of recombination in a CsPbBr; PNC.[*) If a photo-carrier is trapped in a deep trap state
for an extended period, PNC becomes charged. The subsequent absorption of the second
photon by charged PNC produces a trion. %) Recombination of trion may involve both i) a
nonradioactive Auger process by transferring recombination energy to an uncompensated
charge carrier and ii) a radiative process with a rate constant twice high (i.e., 2k;) compared to
that (k;) of the neutral exciton. The trion state recombination (radiative and nonradiative)
causing PL-blinking is called Auger blinking and is also regarded as Type-A blinking, [+ 433
Auger blinking is prevalent in nanoparticles with deep trap states and is also observed at pump

intensity. NBC recombination-induced blinking, triggered by the activation and deactivation of

multiple recombination centers (MRCs) near the band edge, involves variable nonradiative
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rates against a fixed radiative rate. [*®>! A linear correlation between PL lifetime and intensity

is expected for NBC blinking, which is also known as Type-C blinking. (15133

For the single dot PL-blinking study, a highly diluted solution of PNC in 3% poly(methyl
methacrylate) (PMMA) was spin-coated on a coverslip. The low areal density (=0.09 pm?) of
PNCs on the coverslip ensured their easy isolations by confocal. Throughout our experiment,
we maintained a minimal average excitonic occupancy (<N> ~0.008), calculated from the
relationship <N> = (photon fluence per pulse) x (absorption cross-section).?®! The typical
single-dot PL spectra from most of the particles are characterized by similar FWHMs (AL1.2)
of =18 = 2 nm (c-/d-/r-PNC) and PL peak positions at ~505+3 (c-PNCs) and 508 £+ 3 nm (d/r-
PNC), respectively (Figure 4.1]). Any deviation, whether in the PL peak position or the
FWHM, is attributed to change in particle size and/or morphology, resulting in the exclusion

of that particle from further analysis.
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Figure 4.3. PL intensity trajectories (upper panel, 20 ms binning time) along with statistical

distributions of intensities (middle panel) and PL dynamics of ON and OFF states (lower panel)
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recorded in single dot measurements on c-PNC (A, D, G), d-PNC (B, E, H), and r-PNC (C, F,
I). PL lifetime profiles of ON and OFF states are constructed by the photons collected from the
highest and lowest intensity regimes of the PL trajectories shown by pairs of horizontal slabs
of similar colors with lifetime curves. A ~422 nm pulse laser (=5 MHz repetition rate and

~150 ps IRF) with excitation power (Ip) ~2 W cm 2 was used for the excitation.

Figure 4.3(A—C) depicts representatives of PL trajectories of PNCs, each chosen from a
different batch (c-, d-, and r-PNCs). These trajectories exhibit the highest similarity with others
within the same batch and are selected for further analyses. To mitigate potential biases arising
from randomly selected individual PNCs or exceptional outliers, single-dot measurements
were repeated across 100 dots for each batch of PNCs. The statistical distributions of
intensities, illustrated in Figure 4.2D-F, unveil a bimodal distribution for c- and d-PNC,
whereas r-PNC exhibits a single modal distribution characterized by OFF states only. Thus, the
ratio of ON-to-OFF state populations diminishes as the number of facets increases in PNC

(Figure 4.3D-F).

The origin of the OFF-states here is attributed to either NBC or trion or both types of
recombination, a conclusion supported by not only the direct correlation between PL intensity
(IrL) and lifetime (tpL) in single dot blinking study (Figure 4.4), but also from the analysis of

fluorescence lifetime intensity distribution (FLID) maps. !4 27- 4]
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Figure 4.4. PL intensity blinking (A) and lifetime blinking (B) recorded simultaneously on the

same d-PNC dot show an excellent correlation.

The Table 4.1 collected the PL lifetimes of ON and OFF states of all three PNCs (Figure 4.3G—
I). The PL dynamics of the ON state, which represent radiative recombination, demonstrate
single exponential behaviour across morphologies. Conversely, the OFF-state dynamics,
representing NBC and/or trion recombination, exhibit single exponential behaviour for c- and
d-PNC; however, the same demonstrates a biexponential behaviour for r-PNC. (Table 4.1 and
Figure 4.3G,F). Further analysis implies that the origin of the biexponential lifetime of the OFF
state in the latter stems from the involvement of both NBC and trion recombination, aligning
with earlier reports showing type-A and type-C blinking from the same nanoparticle.[*”! The
radiative lifetime ratios of ON-to-OFF states (t.0n/Trorr) Were computed across the
morphologies using the following equation (equation 4.1), incorporating their ON and OFF
state lifetimes (ton and torr) from Table 4.1, and intensities (Ion and lorr) from Figure 4.3A—

c.i

_ Ky oFF _ Ton lorr (@.1)
kron  Torr lon '
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n essentially represents the ratio of the radiative rate constants of OFF (k:orr) and ON (k:on)
states. The values of this parameter were determined to be =0.97 and ~1.2 for c-PNC and d-
PNC, respectively, both of which are close to unity, implying NBC blinking. However, the
relatively higher value of n for d-PNCs may be attributed to the participation of trion states,
albeit with a minor contribution, in the overall blinking process. This is because the value of n
would shift from 1 to 2 as the blinking nature changes from NBC to Auger (trion). In contrast
to the other PNCs, the PL decay of the OFF state of r-PNCs exhibits biexponential behaviour,
despite the absence of an additional intermediate intensity state in the FLID map for the second-
lifetime component (Figure 4.5C and Table 4.1). Assuming that the two lifetime components
of the OFF state are related to different types of recombination, and both yield OFF states with
similar PL intensities, one can separately calculate n for each of the two lifetime components.
This would help one to decide the fundamental origins of these two components. The faster
lifetime component (=0.9 ns), which contributes more to the PL dynamics, results in n ~ 2.5,
while the slower component (=2.8 ns) leads to n ~ 0.81. Based on these values, one can
attribute the faster component to Auger blinking and the slower component to NBC blinking.
The deviations of n from its ideal values in both cases are attributed to the uncertainties
associated with the derived intensities since both lifetime components have similar intensities,
making it difficult to get their exact values. From the above study, we can conclude that NBC
blinking is present across all morphologies at an extremely low pump fluence (<N> ~0.008).
However, NBC recombination is not the sole mechanism of blinking in extra-faceted PNCs,
where trion-induced Auger blinking also plays a role and contributes more as the number of

facets increases.

Calculation of n from Equation 4.1

For ¢c-PNC:
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14 102—8(background)

1.8  758-8(background)

For d-PNC:

17.5 _ 118-8(background)

2 828-8(background)

For r-PNC:

Using short lifetime component

20 132—-8(background)

2.8 1108-8(background)

Using long lifetime component

20 132—-8(background)

0.9 1108-8(background)

0.97

1.2

0.81

2.50

Table 4.1. Lifetime components (1) along with their contributions (o) at different intensity

levels of PL trajectories of c-, d-, and r-PNCs (Figure 4.3 A-C).

Sample Region 711 (01),ns 72 (a2), ns
ON 14 -
c-PNC
OFF 1.8 -
ON 17.5
d-PNC -
OFF 2 -
ON 20 -
r-PNC
OFF | 2.8(0.25) | 0.9 (0.75)
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4.5.2 Fluorescence Lifetime Intensity Distribution (FLID) of Different PNCs

Manifestations of Auger and NBC blinking in FLID map are different (Figure 4.5 (A-C) & (D-
F)).l:3U The FLID trajectory of Auger blinking exhibits a curved feature, whereas the
trajectory of NBC blinking in FLID follows a linear relationship.!" 3] This is demonstrated by
the excitation power-dependent FLID study of d-PNC, illustrating the coexistence of linear and
nonlinear correlations between Ipr and tpL at low pump fluence (<N> ~ 0.008). However, at
high fluence (<N> ~ 0.032), only the nonlinear correlation is observed (Figure 4.5D-F). This
is attributed to the higher probability of photocharging at an elevated pump power, making
Auger blinking more intense.!*8] Next, we analyzed the trajectories of the FLID maps of all
three particles to confirm further the higher probabilities of photocharging in extra-faceted
PNCs (Figure 4.5). FLID trajectory of c-PNC follows a linear diagonal relationship, implying
NBC blinking (Figure 4.5A). On the other hand, the FLID of d-PNC shows the coexistence of

linear and nonlinear trajectories, suggesting NBC and trion recombination (Figure 4.5B).

Unfortunately, similar trajectories cannot be obtained for r-PNC due to the scarcity of states
with higher emissivity; however, trion emission is distinguishable in FLID and denoted by a
red triangle. This observation suggests that the blinking of the highest faceted r-PNC is mostly
controlled by photocharging and discharging of the r-PNC. A similar manifestation of trion
emission in FLID was earlier observed by Mulvaney and coworkers.*] Our FLID analysis also
indicates a higher probability of photocharging in extra-faceted PNCs, consistent with what

was observed in the lifetime analysis of ON and OFF states, discussed before.
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Figure 4.5. FLID maps were obtained by correlating intensity (along the vertical axis) and
lifetime (along the horizontal axis) histograms of (A) c-PNC, (B) d-PNC, and (C) r-PNC. The
probability of occurrence of a given state within FLID is depicted by a color change from red,
indicating the highest probability, to blue, indicating the lowest probability. Linear correlation
of intensity and lifetime in Figure A implying NBC recombination, whereas, linear and
nonlinear correlations in Figure B are attributed to NBC and trion recombination. The red
triangle in Figure C shows trion emission. (D-F) Pump-fluence dependent FLID maps of d-
PNC. The occurrence probability of a given state within FLID is represented by a color change
from red with the highest probability to blue with the lowest probability. Both NBC (linear
trajectory) and Auger (nonlinear trajectory) blinking are present at low fluence, whereas Auger

blinking predominates over NBC at high fluence.

Larger trion probability in extra-faceted PNCs is attributed to a number of factors: 1) their larger

surface area, which facilitates enhanced accessibility of surface trap states by charge carriers
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across a reduced energetic barrier.l!! ii) In the single-dot blinking study, any external molecule
in contact with PNC facets can participate in carrier trapping, which can easily occur in extra-
faceted PNCs. An FCS investigation of the binding of PNC with a small organic molecule,
discussed later, reveals higher binding constants for extra-faceted PNCs because of their larger
surface area and unique orientations of facets. This suggests an increased risk of photocharging
for extra-faceted PNCs in the solid-state blinking study. The geometrical calculation reveals
that despite their similar edge lengths (a), the surface area (S) significantly increases from cube
(S = 6a) to rhombic dodecahedron (84*[V2]) to rhombicuboctahedron (S = 242[9+V3]).%) It is
noteworthy that previous studies with cube-shaped PNCs suggest that as the PNC surface area
increases, the OFF fraction gradually decreases.-3*This contradicts our observation,
suggesting that particle morphology plays a bigger role than the surface area in determining
the blinking behaviors of PNCs (Figure 4.5). Previously we have reported decelerated cooling
of hot carriers in a twelve faceted d-PNC. This phenomenon was attributed to polaron-mediated
cooling, where the polar nature of these new facets appeared to have a significant role in
polaron formation.!*”) Therefore, in our case, these new surface exposed polar facets might
have facilitated the formation of charged exciton (that is also polar) in extra-faceted PNCs,

leading to an enhanced OFF state fraction.

4.5.3 Power Law Kinetics of Faceted Nanocrystals

To validate further the involvement of trion recombination in the blinking of our extra faceted
PNCs, we studied excitation power dependent ON-time statistics of one of our sample d-PNC,
which shows intense photocharging at high pump intensity. We accomplished this by
examining the pump-power dependent exponential cutoff time (tc) in the probability
distribution plot of ON-time durations (ton), derived from the PL intensity trajectories recorded
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at different powers. We observed that tc, which represents the truncation behaviour of the plot,
becomes faster with increasing pump intensity. This pattern is indicative of the photocharging
of PNC. (Figure 4.6A).125 %5251 ON-time probability (pon) in the log-log plot experiences a
quick falloff at a longer delay, nicely fit to tPexp(-t/tc) with 1c and B being ~120 ms (=10 ms)
and —0.76 (—0.47) at a pump power of =2 W cm 2 (=10 W cm2) (Figure 4.6A).2!If the photo-
charging limits ON durations, Tc must depend on pump intensity. We indeed observed this
behavior in our experiment with d-PNC, as depicted in Figure 4.6A. Further analysis of our
power-dependent study reveals that the photoionization probability (1/1c) exhibits a superlinear

dependency on pump intensity (i.e., 1/tc o« I,'**), which is usually attributed to the nonlinear

Auger process (Figure 4.6A).12]

ON-time = 2 © c- PNC (tc ~140 +15 ms)
(A) | & g o I,~2Wicm B)| a Tc
o- ‘O~8m o 1,~10 Wem?2 & Soso © d- PNC(tc ~110 +15 ms)
= . v %% © r-PNC (rc ~90 +10 ms)
3 3| }\OQ
© RIS © i
; OO 00 ; ° % '
o - \ \ o % R r.
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Figure 4.6. (A) Probability distribution of ON-times of d-PNC at different pump powers (Ip).
Inset shows the photocharging probability (1/1c) as a function Ip. (B) Probability distribution
of ON-times of all three PNCs under low excitation power [<N> ~0.008], along with a fit to

tPexp(-t/tc) (dashed lines) yielding different tcs based on the number of facets.

Next, we examined the probability distribution of ON-times (pon) for all three PNC samples at
a constant pump intensity [<N>~ 0.008]. Our analysis demonstrates that the photoionization
probability (1/tc) increases with the number of facets in the PNCs (Figure 4.6B). This

observation aligns well with our earlier analyses of FLIDs and PL trajectories. Statistical
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analyses of ON-time probabilities with different durations were performed in SymPhoTime 64

software from PicoQuant.[> 4> 21

4.5.4 Understanding Solution Phase Blinking Behaviours via FCS study

We also conducted FCS measurements to understand the roles of the expanded surface area
and distinctive orientations of the additional facets of extra-faceted PNCs in their solution

[56-611 Although the FCS curve is based on measurements on a small

phase blinking behaviours.
ensemble of PNCs (at concentrations of about nM), it can offer insights into distributions of
characteristic time constants and sample heterogeneities. The FCS analysis was conducted on
PNCs, dispersing in an inert solvent, where the possibility of charge transfer to the external
solvent is unlikely. Additionally, photocharging necessitates illuminating PNC for an extended
duration, which is unfeasible in a solution phase study, as the PNCs are rapidly replaced
(<1 ms) from the confocal volume through diffusion.?®) Another parameter that helps prevent
the photocharging of PNCs in the FCS study is the use of a 60x objective, which results in a
relatively less tightly focused laser beam than that of the 100x objective used in the single-dot
study. All these considerations eliminate the possibility of trion states being formed in the
solution phase study. The only remaining is type C blinking induced by NBC recombination,
which ultimately resulted in identical FCS curves across the morphologies (Figure 4.7). PL
blinking in the FCS study can arise from two separate phenomena: i) NBC-type recombination,
which persists in the initial segment of the FCS curve, and 11) particle diffusion, which defines
the later time evolution of the autocorrelation curve.l’® % Table 4.2 collected the FCS
parameters of all three samples related to particle diffusion and intrinsic NBC blinking,
showing identical values irrespective of their different number of facets. Furthermore,

relatively less OFF-state fractions (T ~0.24—0.26) across the morphologies suggest PNCs

mostly remain in the ON-state in the solution phase study. This observation indicates that all
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three samples demonstrate identical blinking behaviors in the absence of trion states. This can
be further rationalized by their similar PLQYs (=78-82%), as determined from liquid-phase

studies.

— — —

0.01 041 1 10 100
Time (ms)

Figure 4.7. FCS curves of all three PNCs (symbols) dispersed in toluene. A ~422 nm pulse

laser with a repetition rate of 5 MHz, and IP ~5 W/cm?2 was used for the excitation.

Table 4.2. Best-fitted FCS Parameters for c-, d-, and r-PNCs Dispersed in Toluene

Sample tr(ps) T B o (ms)
c-PNC 260 0.25 0.65 1
d-PNC 250 0.26 0.65 1.01
r-PNC 255 0.24 0.65 1
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4.5.5 Solution-Phase Photoinduced Charge Transfer (PCT)

Next, we investigated solution-phase photoinduced charge transfer (PCT) from our PNCs with
lowest and highest number of facets to an external molecule N-Methylaniline (NMA),
anticipating a faster timescale for the highest-faceted PNC.[>7" This expectation stemmed
from the observed higher photocharging probabilities of extra-faceted PNCs in single-dot
study. However, solvent diffusion often complicates the understanding of solution-phase
bimolecular PCT, wherein the observed charge transfer timescales are predominantly diffusion-
controlled.!® 7% "1INot an exception to our case, the Stern-Volmer plots reveal that observed
PCT rates across the morphologies are diffusion-controlled (kpct ~5 x 10° M™!s™!), which
restricted us from realizing the photocharging affinities of our PNC samples comparing their
intrinsic PCT timescales. Nevertheless, Stern-Volmer analysis (Figure 4.8G) indicates that PCT
rates are significantly high regardless of particle morphology. Being unsuccessful in deriving
intrinsic timescales of PCT, we performed an FCS study of binding of the same two PNCs with
NMA as an alternative. If greater binding affinities are observed for extra-faceted PNCs, they
could potentially be correlated with their heightened propensity for photocharging in a single
dot study.”>’¥PNC exhibiting stronger binding affinity with an electron or hole scavenger
molecule in its adjacent environment would expedite the photocharging process, leading to a

pronounced Auger blinking. [

Likewise, carrier trapping/de-trapping and PNCs diffusing across the excitation volume,
causing PL-blinking in the FCS study of PNCs, binding/unbinding of a quencher molecule
(NMA) with PNC can also cause similar blinking with a timescale that can essentially differ

from the timescales of the other two processes [i.e., trapping/de-trapping (t7) and diffusion
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(tp)]. FCS curves of PNCs in the presence of NMA fit nicely to the following equation, which

includes one additional term to equation 4.2 (Figure 4.8).53% 611

o= 351+ [- D 1+ (o[- G 0+2) (45

... (4.2)

where 1R is the characteristic timescale of the complexation reaction between PNC and NMA,
and Ar is the reaction amplitude. Here, our primary focus would be on the binding reaction
parameters (such as Ar, and tr), which can offer valuable insights into the binding affinities of
PNCs (c-PNC and r-PNC) with quenchers. The equilibrium constant (K) of the PNC-NMA
complex was derived from the relationship Ar = K[NMA], assuming that the PLQY of the
PNC-NMA complex is =0, and the binding reaction adheres to pseudo-first-order

kinetics.% 1. 72
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Figure 4.8. (A, B) FCS curves of ¢c-PNCs (A) and r-PNCs (B) dispersed in toluene at different
NMA concentrations. A much steeper slope of “Ar versus [NMA]” plot (inset) of Figure B than
that of Figure A, suggests a greater binding affinity of extra-faceted r-PNCs with NMA. A
~422 nm pulse laser with a repetition rate of 5 MHz, and Ip ~5 W cm 2 was used for the
excitation. Quenching of PL intensity and lifetime of PNCs (C, D for ¢c-PNC and E, F for r-
PNC) dispersed in toluene by NMA. Lifetimes were recorded at emission peak positions. The
samples were excited by ~405 nm diode laser (IRF ~ 90 ps). (G) Lifetime and steady-state
(inset) Stern-Volmer plots of quenching of PL lifetime and intensity of cPNC (blue balls) and
r-PNC (red balls) by NMA. Apparent quenching rates (kPCT) are found to be similar for both

the samples and reach close to diffusion-controlled rate.

The best-fitted FCS parameters, collected in Table 4.3, demonstrate a significantly higher
binding affinity of twenty-six faceted r-PNC (K~ 300 M!) than the one (K~ 100 M)
observed for six faceted c-PNC. FCS study suggests that the binding affinity of PNC with an
adjacent molecule increases with an increasing number of facets. This observation suggests
that if the photocharging of PNCs during single-dot studies occurs due to interactions with
molecules in their immediate environment, there is a higher likelihood of this phenomenon
happening for extra-faceted PNCs. Thermodynamic consideration of HOMO-LUMO of NMA
vis-a-vis VB-CB of PNC suggests photoinduced electron transfer (PET) from HOMO of NMA

to the VB of an optically pumped PNC causing the quenching. [*-%]
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Table 4.3. Best-fitted FCS Parameters Related to PNC-NMA Complexation Reaction.

Sample [NMA] Ar K(Mm1) Tr(ps)
(mM)
0/0 - -
26/1 2.6/0.3 0.9/0.8
c-PNC/r-PNC 35/2.3 3.5/0.46 100/300 0.7/0.61
46/4.6 4.6/0.92 0.5/0.5
90/7 9.2/1.05 0.4/0.42

4.6 Conclusion

Extra Faceted — More Trion

L L

“ Faceted

' l’m

We have comprehensively demonstrated how surface engineering can produce PNCs with

distinct blinking behaviors based on their diverse probabilities of photocharging. While the
blinking behaviors of our PNCs remain consistent across the morphologies in the solution
phase study, they exhibit significant differences in the solid-state single-dot study. The extra-
faceted PNCs display larger photocharging probabilities in the solid state, resulting in an
enhanced OFF-state population. This morphology-dependent blinking behavior can be
attributed to several characteristics of extra faceted PNCs that may facilitate their

photocharging in single-dot study, including 1) the polar nature of their facets, ii) increased
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binding affinity with scavenger molecules in the immediate environment, and iii) the larger
surface area. However, the influence of these factors is largely suppressed in a solution phase
study, causing lesser OFF state fractions across the morphologies. In the solution phase study,
as photocharging of PNCs is excluded, PNCs exhibit blinkings through NBC recombinations.
Although our PNCs are highly defect tolerant, substantiated by their high PLQY's, they are not
completely devoid of defect states. In the FCS study, the involvement of shallow trap states
near the band edge contributes to the blinking process. However, in the single-dot blinking
study, Auger blinking prevails over NBC, and unlike NBC blinking, Auger blinking is largely
influenced by particle morphology. This provides an opportunity to modulate the blinking
characteristics of PNCs through surface engineering. Thus, this work demonstrates the massive
potential of facet engineering in integrating extra-faceted PNCs in next-generation display

applications.
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5.1 Abstract

Red-emitting CsPbls perovskite nanocrystals (r-PNCs) are considered promising for device
applications due to their low bandgap. However, their practical use is hindered by
significant photoluminescence (PL) intermittency and light-induced phase transitions.
Specifically, the stable and bright a-phase of -PNCs quickly converts into weakly emissive
mixed-phase (6 and y) within hours under UV irradiation. In the absence of light, r-PNCs
synthesized using an advanced method have been shown to maintain their a-phase and
brightness for over 20 days. This study explores the PL intermittency of r-PNCs to better
understand the carrier dynamics and the nature of trap states in both the a-phase and mixed
phases. These results indicate that r-PNCs, despite their apparent phase stability, undergo
rapid phase deformation during a blinking experiment, as evidenced by the decrease in the
average ON state intensity of their PL trajectories and the change in XRD patterns.
Fluorescence-lifetime-intensity-distribution (FLID) mapping from blinking studies,
combined with fluorescence lifetime correlation spectroscopy (FLCS), reveals that freshly
prepared a-phase r-PNCs exhibit blinking behaviour primarily governed by short-lived trap
states near the band edge. These dynamic trap states function as multiple non-radiative
recombination centers (MRCs). In contrast, light-soaked mixed-phase r-PNCs develop
long-lived deep trap states, leading to dispersive blinking predominantly caused by hot

carrier (HC) recombination.

5.2 Introduction

Red-emitting r-PNCs are the most promising among all members of the lead halide perovskite
family with common formula CsPbX;3 (X=CI/Br/I or their mixture) due to their low band gap,

which is a key requisite for light harvesting applications. [!!°) However, their integration into
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real applications has been largely unsuccessful due to their poor phase stability. Bright a-phase
r-PNCs, in a few hours under ambient conditions, experience phase change to a mixed phase
(8 and y) characterized by low PLQY.!'*!'Y Efforts have been made to obtain phase-stable r-
PNCs utilizing various strategies, where the successful implementations have rendered
apparently stable r-PNCs characterized by blinking-free emissions in single particle study and
unchanged PLQY over up to a few weeks of storage.['*!") Suppressed PL blinking from a single
nanocrystal requires passivation of defect states, which is essential for a diverse range of
applications, from LEDs and lasers to quantum communications.!'*?°l While the PL blinking
and the associated change in lifetime are mainly governed by the various recombination
mechanisms involved, however, they all share the commonality of being connected to trap

states.[?>?°]

The primary advantage of single-particle PL studies is their capability to
differentiate various carrier recombination pathways in a nanocrystal. This is achieved by
correlating PL intensity with lifetime or by examining the fine-structure splitting of exciton,
which disappears upon photo charging of nanocrystal, affirming the involvement of trions in

blinking, [22-23-26-28]

In recent literature, two recombination models are widely cited to explain the blinking
of semiconductor nanocrystals: (i) the multiple recombination centers (MRC) model, invoked
on charge neutral defect tolerant nanocrystals, and (ii) trion recombination, typically observed
in charged nanocrystals. [222627-33 The MRC model involves several short-lived trap states near
the band edge, acting as recombination centers. The activation and deactivation of these trap

34361 This type of blinking, caused by nonradiative band

states over time cause PL blinking.!
edge charge (NBC) recombination, occurs when trapped carriers recombine nonradiatively

before a second exciton is formed (Scheme 5.1).?*32) NBC blinking is characterized by a

constant radiative recombination rate (k;) across varying intensity levels, while the nonradiative
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22.2628-33] In contrast, recombination in charged nanocrystals involves a

rate (kur) fluctuates.|
radiative recombination rate (2k:), which is twice as fast as that (k;) of neutral nanocrystals.
When a charge carrier is trapped in a deep trap state for an extended period, the nanocrystal
becomes photocharged, and subsequent excitation to the charged nanocrystal produces a trion.
Trion recombination can proceed either radiatively, with a rate constant of 2k or
nonradiatively, by transferring the recombination energy to the third carrier (Scheme 4.1).1%?]
PL blinking resulting from trion recombination, whether radiative or nonradiative, is termed
AC blinking.[*?! Nearly all types of nanocrystals exhibit NBC blinking due to the unavoidable
occurrence of shallow trap states, even in highly defect-tolerant nanocrystals with near-unity
PLQYs. Conversely, AC blinking is mainly observed in nanocrystals with mid-gap deep trap
states and/or under high pump intensity, as both factors favor photocharging. In addition to AC
and NBC recombination, PL blinking can also arise from the interception of hot carriers (HCs)
by deep trap states, and this type of blinking is referred to as HC blinking (Scheme 4.1).5!37-
381 Upon photoexcitation with excess energy, nanocrystals generate hot carriers above the band
edge, which are subsequently trapped in intraband defect states. These trapped hot carriers are

deactivated following an efficient nonradiative pathway, resulting in a decrease in emission

intensity without affecting the nanocrystal’s excited state lifetime.!*!-37-38!
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Scheme 5.1. Schematic representations of (1) the different phases of r-PNCs (top panel), (i1)

the mechanism of carrier trapping and recombination (middle panel), and their manifestations

in FLID (bottom panel).

5.3 Synthetic Procedure of CsPbls nanocrystals

A reported protocol with minor modifications, as follows, was adopted for the synthesis. >3]

5.3.1 Cs-oleate preparation

Around 22 mg (0.067 mmol) of Cs>CO3, 115 pL of oleic acid (OA), and 1 mL of octadecene
(ODE) were thoroughly mixed in a 25 mL two-neck round-bottom flask. The mixture was
heated to approximately 120 °C for 1 hour under a nitrogen atmosphere to ensure complete
dissolution and removal of any residual moisture and oxygen. Following this, the temperature

was raised to 150 °C and maintained for 20 minutes to complete the reaction. The resulting
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product was then collected while still hot using an air-tight glass syringe and stored in a

deaerated vial for the use in the next step.

5.3.2 Hot-injection synthesis of colloidal nanocrystals

In a 25 mL three-neck round-bottom flask, about 72 mg of Pb(OAc). 3H>O (0.188 mmol), 1
mL of oleic acid (OA), 1 mL of oleylamine (OAm), 5 mL of octadecene (ODE), and
approximately 214.5 mg of DIDMH (0.564 mmol) were mixed. The resultant mixture was then
heated to around 120 °C under a nitrogen atmosphere until a clear, deep red transparent solution
formed. The temperature was subsequently increased to about 210 °C, and 0.5 mL of pre-heated
Cs-oleate (over 100 °C) prepared in the previous step, was swiftly injected into the reaction
mixture. The reaction was immediately quenched by placing the flask in an ice bath within 5
seconds of the hot injection. The bright red crude product was then centrifuged at 4400 rpm for
10 minutes, after which the precipitate, containing larger particles and impurities, was
discarded. About 15 mL of methyl acetate was added to the remaining supernatant, followed
by another centrifugation at 4400 rpm to isolate the desired nanocrystals. The supernatant was
discarded, and the precipitate was redispersed in hexane. This bright red colloidal dispersion

was stored in a deaerated vial at a low temperature (around 2-8 °C) for optical studies.
5.4 Sample Characterisations

Our freshly prepared r-PNCs, exhibiting a PLQY of ~70%, have an average edge length of ~9
nm (Figure 5.1A). Notably, the PLQY of these phase-stable nanocrystals remained unchanged
for at least 20 days when stored at 4°C in a sealed container (Figure 5.1B). XRD study of the
r-PNCs before and after UV irradiation (Figure 5.1C) revealed a phase transformation from the
bright a-phase to the weakly intense mixed phase. The latter consists of a mixture of 6 and y
phases (Figure 5.1 D).['? The first excitonic and emission peaks in both cases were measured
to be at ~630 nm and ~656 nm, respectively (Figure 5.1 E, F). Upon UV exposure, the PLQY
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of freshly prepared r-PNCs decreases substantially, from ~70% (unexposed) to ~20% after 14
hours of UV irradiation, accompanied by significant changes in PL lifetime (Figures 5.1 B, E,
G). Figure 5.1H shows the confocal image of extremely diluted single nanocrystals in a clean
cover slip with PMMA matrix coating. To confirm we are looking at the single quantum dot

during single particle analysis, we did photon antibunching study (Figure 5.11).
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Figure 5.1. (A) TEM image and corresponding size distribution of synthesized CsPbI3 NCs.
(B) PLQY of r-PNCs (along the y-axis) as a function of (i) days of storage, depicted in the blue
curve, and (ii) UV illumination time shown in the green curve. & (C) PL spectra of r-PNCs (in
toluene), recorded after UV irradiation for different time intervals. A freshly prepared r-PNC

sample loaded in a cuvette was placed in front of the UV lamp (~350 nm) for phase

transformation. (D) XRD spectra of freshly prepared r-PNCs (brown line), resembling the o-
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phase, and after UV irradiation for 14 hours (black line), matching the reported patterns of the
0 and v phases. Blue, green, and red lines correspond to the reference diffraction peaks for a,

LI2141747) (E) Absorbance and emission spectra of a-phase and converted

5, and y phases.
mixed-phase respectively after UV illumination. (G) PL Lifetime change during phase change.
(H) Confocal scanning image of r-PNCs embedded in PMMA matrix in false color. The inset
shows single-particle PL spectrum with 3 seconds accumulation time, not specific to ON or
OFF state. (I) The second-order cross-correlation function [g*(t)] from a confocal spot under

~3 MHz pulsed laser excitation shows sub-Poissonian statistics, confirming single-photon

emission.

5.5 Results and Discussion
5.5.1 Single particle Measurements (PL Blinking and Single Particle Emission Spectra)

In our single-particle blinking study, individual r-PNCs were excited using a 375 nm pulsed
laser at a repetition rate of ~5 MHz, while the antibunching experiment was conducted at a
repetition rate of ~3 MHz. PL blinking traces were recorded over approximately 7-8 minutes,
utilizing time-tagged time-correlated single-photon counting mode to correlate PL blinking
with associated lifetime change. [22%631-32] To minimize bias from the unintentional selection of
outliers, we collected PL trajectories from 120 nanocrystals. For this study, the nanocrystals
were excited with low power density (~2 W/cm?), resulting in an average of <0.01 excitons per
nanocrystal per pulse (<N>), minimizing the likelihood of bi-excitation or any higher order
recombination.?>*>1 Of the 120 analyzed nanocrystals, approximately 25-30 exhibit

pronounced flickering from the onset of their PL trajectories, and in most cases, these flickering
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nanocrystals eventually transitioned to completely dark particles under prolonged

photoexcitation .
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Figure 5.2. (A) Single-particle PL spectra recorded from the same freshly prepared nanocrystal
after laser irradiation for different durations: ~0 seconds (red), ~350 seconds (green), and ~480
seconds (blue). Experimental conditions, including excitation wavelength (~375 nm) and
power density (~4 W/cm?), were consistent with those used in the PL blinking study. The 0-
second spectrum corresponds to the a-phase nanocrystal, while the 480-second spectrum
represents mixed-phase nanocrystal. (B-C) Statistical distributions of FWHMs (B) and PL peak
positions (C) for a-phase (red) and mixed-phase (blue) nanocrystals. (D-F) Single-particle PL
spectra recorded from three additional randomly selected nanocrystals. All experiments were

performed at room temperature.

Single particle PL spectra also show shifting of PL peak due to photobleaching (Figure 5.2A,
C) and the broadening of the average FWHM in mixed phrase (Figure 5.2B). This peak shifting

and broadening indicated larger distribution of trap states in mixed phase than a-phase. Figure
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5.2 (D, E, F) shows different peak shift due to different extent of bleaching in different particle.
When the excitation power density was increased to ~20 W/cm?, the number of flickered
particles rose to 35-40 out of the 120 analyzed particles. !4?*>11 We first analyzed those 90-95
nanocrystals that are stable at low excitation power and exhibiting blinking rather than
flickering at least at the beginning of their PL intensity trajectories (Figures 5.3). After several
tens of seconds of low-power excitation, most of these initially blinking nanocrystals
transitioned to flickering particles, eventually leading to photobleaching or, in some cases,
undergoing direct photobleaching (Figures 5.3 A). A nanocrystal that transitions from blinking
to flickering typically survives only for a few tens of seconds or minutes before eventually
becoming a dark particle, with the transition rate accelerating at higher pump intensity. For
instance, under low excitation power density (~2 W/cm?), a blinked nanocrystal typically
transitions to a flickered one after 250-300 seconds of irradiation (Figures 5.3 A), whereas,
under high power density (~20 W/cm?), the same transition occurs after 180-250 seconds

(Figure 5.3).

We attribute the blinked nanocrystals to the ones retaining stable a-phase, while flickered
particles to mixed phase, as supported by XRD data showing a phase transition in nanocrystals

).[L12:141747] The PL intensity trajectory in Figure 5.3

under prolonged UV exposure (Figure 1d
A (and Figure 5.5A) is a typical representative of the low-power (and high-power) blinking
behaviour of our nanocrystals. The upper panel of Figure 5.3A depicts the low-power PL
intensity trajectory, while the lower panel shows the simultaneously recorded PL lifetime
trajectory. Two horizontal slabs, red and green, in the PL intensity trajectory highlight,
respectively, the bright ON states and the weakly intense OFF states (Figure 5.3A). The

excited-state PL lifetime profiles for the ON (red) and OFF (green) states were obtained

separately for the a- and mixed-phase by analyzing the PL photons collected from the high-
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and low-intensity regions, indicated by the horizontal slabs of corresponding colors in the upper
panel of Figure 5.3 A (Figures 5.3B,C). Photons were collected separately before and after the
phase transition (o to mixed), marked by a vertical dotted line in Figure 5.3 A, allowing analysis

of the ON and OFF state PL dynamics in both phases.
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Figure 5.3. (A) PL intensity (upper panel) and lifetime (lower panel) trajectories of a single r-
PNC recorded using a ~375 nm pulsed excitation laser at low power density (~2 W/cm?). The
vertical green dotted line indicates the phase change from a to mixed (6 + y), with carrier
dynamics analyzed separately for both phases. (B-C) Time-resolved PLs of OFF (green) and
ON (red) states of the a-phase (b) and mixed-phase (c), derived from low- and high-intensity
regions of PL intensity trajectory. (D-F) Fluorescence lifetime intensity distribution (FLID)
maps in false color, correlating intensity-, and lifetime-histogram, derived from PL intensity-
and lifetime-trajectory with different lengths: (D) full length (a-and mixed-phase), (E) up to

300 s (only a-phase), and (F) after 300 s (only mixed-phase). The change in occurrence
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probability of a state in FLID is indicated by intensity change with higher intensity implies a

larger probability.

We first analyzed the PL lifetimes of the ON and OFF states of r-PNC retaining the o-
phase by collecting photons from high- and low-intensity regions before the phase transition
(<300 s), marked by red (ON) and green (OFF) slabs in the upper panel of Figure5.3 A (Figure
5.3 B). A similar analysis was conducted for the mixed phase by examining the PL trajectory
after the phase transition (>300 s). The phase transformation is indicated by a vertical dotted
green line in Figure 5.3 A, where the left side (<300 s) represents the a-phase and the right side
(>300 s) represents the mixed-phase. The time-resolved PLs for ON and OFF states of the a-
phase were obtained from analysing the trajectory up to 300 s, as shown in Figure 5.3 B. Fitting
to exponential decay functions revealed that the ON-state lifetime in the a-phase follows a
single exponential decay with a time constant of ~9 ns. In contrast, the OFF-state decay
exhibited bi-exponential kinetics, with a slow component of ~8.5 ns (14%), closely matching
the ON-state lifetime (~9 ns), and a fast component of ~1.8 ns (86%). A similar analysis for the
mixed-phase showed that the ON-state lifetime (~9 ns) remained unchanged after the phase
transition, despite a significant reduction in ON-state intensity (Figures 5.3 A and C). Like the
a-phase, the OFF-state PL dynamics in the mixed-phase follow a bi-exponential decay, with
the long-lived component (~8.5 ns, 30%) correlates nicely to the ON-state lifetime and the
short-lived component (~1.8 ns, 70%) remains unaffected by the phase change (Figure 5.3 C).
An intensity-lifetime scaling parameter (1)), representing the radiative recombination rate of the
ON state (kron) relative to the OFF state (k:orr), was calculated separately for the a- () and

mixed-phase () using the following equation.264%]
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— kroN __ Torrlon (5.1)
krorr  TonloFrF )

The ON (or OFF) state intensity Ion (or Iorr) was determined by subtracting the background
intensity from the average PL intensity under the red (or green) horizontal slab in Figure 5.3A.
Similarly, the PL lifetime of the ON (or OFF) state ton (or torr) was extracted through
statistical analysis of the arrival times of the photons under this red (or green) region of Figure
5.3A (Figures 5.3 B-C). As previously stated, the OFF-state PL dynamics of both phases are
characterized by two lifetime components (~1.8 ns and ~8.5 ns), where the slower component
(~8.5 ns) closely aligns with the ON-state lifetime (~9 ns). Therefore, we attribute the slower
(~8.5 ns) component of the OFF-state dynamics of both phases to hot carrier (HC)
recombination, as it significantly reduces emission intensity without considerably altering the

PL lifetime,2$32:41:5253

Although HC recombination is present in both phases, it is more pronounced in the mixed
phase, where the ~8.5 ns component stemming from HC recombination contributes nearly 30%
to the OFF-state dynamics, which reduces to ~14% in the a-phase. This claim is further
substantiated by comparing the FLID maps of the a-phase (Figure 5.3 E) and mixed-phase
(Figure 5.3 F), showing the FLID of mixed-phase exhibits larger vertical broadening—a
characteristic signature of HC recombination, which will be elaborated later.*'*!1 HC
recombination is also evident from Figure 5.3 A, where fluctuations in PL intensity (upper
panel) occur without changing the PL lifetime (lower panel) in several places. Figure 5.4
provides zoomed-in views on small selected regions of the PL intensity and lifetime trajectories
from Figure 5.3A, and subsequently overlaid for better visualization of HC recombination. This

highlights multiple instances where the PL intensity significantly decreases without changing
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PL lifetime considerably. The frequency of such uncorrelated events increases as the transition

occurs from the a-phase to the mixed phase (Figure 5.4 B,D).
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Figure 5.4. (A, C) The same PL intensity trajectory (upper panel, A) and corresponding
lifetime trajectory (lower panel, C) from Figure 5.3A were further analyzed here by zooming
in on specific regions within the o phase (yellow slab) and mixed-phase (green slab). (B, D)
The zoomed-in intensity (black line) and lifetime (blue line) trajectories for the a phase (upper
panel, B) and the mixed phase (lower panel, D) are overlaid to highlight non-correlative
behaviour due to HC recombination. Such behaviour, characterized by intensity drops with
insignificant changes in PL lifetime, was frequently observed in both the phases, with a higher

density of occurrences in the mixed phase compared to the o phase.
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Our next objective is to investigate the origin of the short lifetime component (~1.8 ns) of the
OFF states of both phases (o and mixed). To achieve this, it is essential to compute the n for

).[2648] The calculated values

both phases (1. and nwm), utilizing the short component (~1.8 ns
for n. and nm were approximately 1 and 0.83, respectively, latter is slightly lower than unity.
These values were derived utilizing equation 5.1, using Ion ~75 cts/20 ms (for the a-phase) and
33 cts/20 ms (for the mixed-phase), lorr ~15 cts/20 ms (a-phase) and 8 cts/20 ms (mixed-
phase), Ton ~9 ns (both phases), and torr ~1.8 ns (both phases). For trion recombination, 1 is
expected to be around 0.5, while for NBC recombination, 1 is approximately 1.1263248] The
intermediate value of nuv (~0.83) suggests that the faster lifetime component (~1.8 ns) of the
OFF state in mixed-phase nanocrystals originates from a combination of both NBC and trion
recombination. This contrasts with the a-phase nanocrystals, where 1, being 1 indicates that
the faster lifetime component of the OFF state is solely due to NBC recombination. While the
computed value of n can help predict the type of recombination responsible for blinking in a
nanocrystal, such an approach becomes difficult when the PL dynamics follow nonexponential
kinetics, as observed in our OFF states. Ideally, when calculating n for one of the lifetime
components in a bi-exponential decay, the intensity contribution of that specific component
should be used in Equation 5.1. However, this is a challenging task. If the overall intensity of
the OFF state is used to calculate 1 for the faster lifetime component here, the result will be
overestimated, providing only an approximate value of . Additionally, the computed 1) is based
on one-dimensional analysis with limited statistical data. These challenges motivated us to
explore two-dimensional FLID mapping, which is considered more reliable for identifying the
types of recombination responsible for blinking in nanocrystals. 22231321 Figure 5.3D shows
a comprehensive FLID plot, derived from the full-length PL trajectory, which includes both the
a-phase and mixed phase, as illustrated in Figure 5.3A. This FLID map correlates the PL

intensity and lifetime histograms derived from their respective blinking trajectories. [22-26-31-32]
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A comparison between the histograms of the a- and mixed-phase reveals that the mixed-phase
exhibits a greater OFF state fraction compared to the a-phase, consistent with earlier reports

that the mixed phase (8 and y) has higher trap densities. 1125453

The FLID of the full-length trajectory, which includes both the a- and mixed phase,
displays complex evolution patterns of various probability states (Figure 5.3D). These
evolution patterns can be described by three distinct trajectories: (i) a nonlinear trajectory
shown by a bend dotted line connecting ON, OFF, and intermediate intensity states with
varying lifetimes, indicative of trion or Type-A blinking; (ii) a vertical linear trajectory shown
by thick dashed line linking different intensity states with similar lifetimes (~8.5-9 ns),
characteristic of HC or Type-B blinking; and (iii) a diagonal linear trajectory shown by solid
line connecting ON, OFF, and any intermediate intensity states of different lifetimes,
suggestive of NBC or Type-C blinking (Figure 5.3D).B!*!) When the overall FLID depicted in
Figure 5.3D is resolved into two FLIDs—one for the a-phase (Figure 5.3E) and the other for
the mixed phase (Figure 5.3F) the evolution patterns become simpler. This is also done in high
power analysis (Figure 5.5D,E,F) This splitting was achieved by separately analyzing the initial
portion of the PL trajectory or before phase transformation (<300 s) and the later portion or
after phase transformation (>300 s). The a-phase FLID reflects the predominance of ON state,
with minor contributions from intermediate and OFF states, all aligned diagonally, indicating
NBC recombination as the dominant blinking mechanism (Figure 5.3E). However, a slight
vertical broadening is observed in the ON state evolution pattern, resulting in a vertically
elongated shape instead of the expected spherical shape, suggesting a minor contribution from

HC recombination. In contrast, in the mixed phase FLID, the vertical broadening becomes

202 |Page



Hot Carrier Trapping in Light-Soaked Mixed Phase CsPbl; Perovskite
Nanocrystals

pronounced, along with some diagonal broadening, confirming that HC recombination

dominates over NBC recombination in the mixed phase.
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Figure 5.5. (A) PL intensity (upper panel) and lifetime (lower panel) trajectories of a single r-
PNC recorded using a ~375 nm pulsed excitation laser at high power density (~20 W/cm?). The
vertical green dotted line indicates the phase change from a to mixed, with carrier dynamics
analyzed separately for both phases. (B-C) Time-resolved PLs of OFF (green) and ON (red)
states of the a- (B) and mixed-phase (C), derived from low- and high-intensity regions of PL
intensity trajectory. (D-F) Fluorescence lifetime intensity distribution (FLID) maps in false
color, correlating intensity- and lifetime-histogram derived from PL intensity- and lifetime-
trajectory with different lengths: (D) full length (a-and mixed-phase), (E) up to 190 s (only a-
phase), and (F) after 190 s (only mixed-phase). The change in occurrence probability of a state
in FLID is indicated by intensity change with higher intensity implies a larger probability. All

experiments were performed at room temperature.
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Another notable difference between the a- and mixed-phase FLIDs lies in the higher occurrence
probabilities of intermediate intensity states in the mixed phase compared to the a-phase. These
findings indicate that NBC recombination dominates blinking in a-phase nanocrystals, while

HC recombination becomes the primary pathway in the mixed-phase.

Previous studies have reported trion recombination in similar nanocrystals, as evidenced by the
curved trajectories describing their FLIDs. 263132411 We recognize that, in our analysis, the two
linear trajectories representing NBC (solid white line) and HC recombination (dashed white
line) do not fully capture the complexity of the mixed phase and overall FLIDs (Figures 5.3D
and 5.3F). This limitation led us to introduce a nonlinear trajectory (dotted line), which suggests
the presence of trion recombination. 1263132411 Although trion recombination was not
comfortably captured by the intensity-lifetime scaling analysis, it is detected in the FLID
mapping, likely due to the limitations of the former method, which relies on a one-dimensional
analysis with lesser statistics. In our subsequent effort to explore carrier dynamics at high pump
fluence, we examined FLIDs for all phases under high excitation power density (~20 W/cm?)
(Figure 5.5). At this power level, approximately 0.08 excitons are generated per pulse per
nanocrystal, where the likelihood of bi-excitonic or higher-order excitonic recombination is
exceedingly low. A comparison between low- and high-power FLIDs reveals overall higher
occurrence probabilities of the intermediate intensity states in both phases at high power. This
is accompanied by significant vertical broadening in the a-phase FLID at high power, which is
nearly absent at low power. Similarly, the high-power mixed-phase FLID shows more
pronounced vertical broadening and intensified trion features (curved trajectory), which are
less evident at low power (Figures 5.3D-F and 5.5D-F). These observations indicate that higher
excitation power engages dispersive trap states, leading to increased trion and HC

recombination.
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5.5.2 Dependence of ON/OFF events on Power Law Kinetics

Next, we examined the probability distribution functions of ON and OFF time durations (pon
and porr), derived separately for the a- and mixed-phase by analyzing the low-power PL
intensity trajectories before (for the a-phase) and after (for the mixed phase) phase
transformation (Figures 5.6A-B, E-F).5%! The porr, when plotted on a log-log scale, shows a
linear behavior, which can be described by popr & t~™oFF 23411 In contrast, the log-log

representation of pon demonstrates a rapid falloff at longer times, represented by poy X

t~™MoN exp(— é)_[z3,41]
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Figure 5.6. (A, B, E, F) Representatives of probability distribution functions of ON and OFF
time durations (poxn and porr), derived from low power PL intensity trajectories of two
randomly selected nanocrystals. (C, G) Statistical distributions of power-law coefficients mon
and morr whose average values represent the relative carrier trapping and detrapping rates in
nanocrystals. %1 (D, H) Schematics of carrier trapping (black arrow) and de-trapping (white
arrow) in both phases with potential wells. Figures in the upper panel represent the a-phase,
whereas the lower panel figures are related to the mixed phase. AE; and AE> represent the

activation barriers between neutral and charged potential wells.
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The average values of the power-law coefficients (mon and morr) were obtained from the peaks
of their statistical distributions recorded over a large number of particles (Figures 5.6 C,G).
These power-law coefficients, morr, and mon, represent respectively the relative rates of carrier

s. 41481 We separately calculated the relative

de-trapping and trapping in individual nanocrystal
trapping (mon) and de-trapping (morr) rates in the a- and mixed-phase by analyzing different
segments of the PL intensity trajectory and repeating this over a large number of particles to
get the mean values. The ratio of trapping-to-detrapping rates in the mixed-phase (~1.15) is
significantly higher compared to that (~0.80) of the a-phase, which is well under our intuitive

expectation stemming from the lower PLQY and higher trap density of the mixed-phase

(Figures 5.6 C, G, D, H).

5.5.3 Fluorescence Correlation Spectroscopy (FLCS) Measurements in Different Phases

To gain deeper insights into the mechanistic details of carrier dynamics responsible for
nanocrystal blinking in the solution phase, we performed FLCS study on freely diffusing
nanocrystals in both phases (Figure 5.7). Unlike conventional FCS, which primarily captures
the timescales of carrier dynamics, FLCS integrates lifetime information to unravel the
mechanistic pathways underlying the transformation between emission states. By analyzing the
PL correlation patterns of coupled states, FLCS provides a more comprehensive understanding
of the interplay between these states characterized by different PL lifetimes.[*!6>3% The PL
lifetime profiles of our nanocrystal samples were well represented by a biexponential decay
function. For a-phase nanocrystals, the decay components were approximately 6 ns (60%) and
12 ns (40%), while for mixed-phase nanocrystals, the components were approximately 4 ns

(65%) and 11 ns (35%) (Figure 5.7D). The a-phase nanocrystals correspond to freshly prepared
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sample, whereas the mixed-phase nanocrystals refer to sample exposed to UV light for over 14

hours (Figure 5.7A).
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Figure 5.7. (A) PL spectra of nanocrystals dispersed in toluene, shown before (a-phase) and
after prolonged UV illumination (>14 hours, mixed-phase). (B) Schematic representation of
anti-correlated PL patterns between two states with distinct PL lifetimes, evidenced by the
initial rise in the interstate cross-correlation function (CCF, shown in panel ¢), consistent with
experimental observations depicted in the insets of panels e and f. (C) Schematics of intrastate
autocorrelation functions (ACFs) for long (red) and short (green) lifetime components, along
with the interstate CCF (red-green) illustrating the cross-correlation of the two components.
The initial growth in the CCF corresponds to the anti-correlated PL behavior shown in panel b.
(D) Time-resolved PL of a-phase nanocrystals (grey), recorded alongside FLCS, decomposed
into two single-exponential decay profiles representing the lifetimes of the interacting emission
states. The inset shows similar data for mixed-phase nanocrystals. (E, F) ACFs for long (red)
and short (green) lifetime states, along with their cross-correlation CCFs (red-green), for o-
phase (E) and mixed-phase (F) nanocrystals. Insets highlight the initial growth feature in the

CCFs with a zoomed y-axis for clarity. Panels b and ¢ are schematic illustrations and do not

represent actual data. All experiments were performed at room temperature.
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We attributed the longer lifetime component (~12-11 ns) to pure radiative recombination,
associated with higher PL intensity, while the shorter lifetime component (~6-4 ns) likely
originated from a combination of radiative and non-radiative recombination, typically
characterized by lower PL intensity, which is practically always the case (Scheme 5.2).[41:62]
Our FLCS analysis enabled us to compute separate autocorrelation functions (ACFs) for the
longer (ACFiongxiong) and shorter (ACFsnorxshort) lifetime components, as well as a cross-
correlation function (CCFlongxshort). The latter was derived using the lifetimes of both states and
their PL trajectories (Figures 5.7E,F). The strength of this method lies in its statistical approach,
which separates different intensity contributions with similar PL lifetimes, analyzed at the

single-photon level. Further details about FLCS, including the construction of ACFs and CCF

and the subsequent fitting procedures, can be found elsewhere. [41:62.71-72]

Here, we focus primarily on the CCF, as the anti-correlated PL intensity patterns
between the two emission states are evidenced by the initial growth feature of the CCF (Figures
5.7B, 5.7E-F). The coupling timescale between these two states was determined by fitting the
CCF using the following equation (Equation 5.2). [41:627]

\B
1- exp_(a)

G(t) = A™? (1+ %)-1(1 + é)-l/z (5.2)

Where, tr and 1p represent the characteristic timescales for the dynamical exchange between
two emission states and the translational diffusion of nanocrystals traversing the excitation
volume, respectively. 41627 The stretching exponent B (0 < B < 1) describes the distribution
of tr, with B = 1 indicating no distribution and B approaching 0 reflecting a highly dispersed
distribution. 12, Parameter A in Equation 5.2 denotes the mean number of nanocrystals

within the excitation volume transitioning between two lifetime states. (6?1, Figure 5.7E-F
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presents the CCFs for both the a-phase and mixed-phase, which show excellent fit to Equation
5.2. The growth timescale (tr) of the CCEF, representing the dynamic exchange timescale
between two emission states, is significantly shorter in the mixed phase (tr ~60 pus) compared

to the a-phase (tr ~100 us) (Table 5.1).

Table 5.1. Best-fitted FCS and FLCS parameters, derived from the fittings of the conventional

FCS curves and CCFs with Equations 5.2 and Equation 5.3.

Correlation  Phase  tp(ms)  tr(us) B Trap
type fraction
[ki/(ki+kz2)]
o
0.8 160 0.7 0.27
Conventional ~ mixed 0.6 80 0.29 0.56
FCS
o 0.4 100 0.2 -
CCFlongXShort mixed
0.25 60 0.1 -
(A) o (B)

Conventional FCS Conventional FCS

0.4 4
0.3
0.3
A a-phase | © Mixed phase
o ©9.24
r-PNC r-PNC
0.0+ E 0.0 4 = >
0001 001 01 1 10 100 1000  0.001 001 01 1 10 100 1000
Time (ms) Time (ms)

Figure 5.8. Conventional FCS curves of (A) freshly prepared a-phase nanocrystals and (b)
mixed-phase nanocrystals, which were prepared by illuminating the a-phase nanocrystals with
UV light for >14 hours. The following fitting function was used to fit the FCS curves. ki and
k> represent the trapping and de-trapping rates. All experiments were performed at room

temperature.
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\B
G(t)=A'|1+ :—:exp_(a)

A+ A +50) Y2 (53)
Tp K“Tp

5.5.4 Multiple Recombination Centre (MRC) Model

To get deeper insight into the origin of growth in CCF, we invoked the multiple recombination
center (MRC) model, which postulates that the activation and deactivation of shallow trap
states, acting as recombination centers, drive the blinking behaviour in nanocrystals. 883 The
dynamic behaviour of these trap states modulates non-radiative decay rate, leading to
corresponding changes in PL intensity and lifetime. Within the MRC framework, the long-
lifetime component (11-12 ns) of nanocrystals arises exclusively from radiative recombination,
while the short-lifetime component (4-6 ns) results from a combination of radiative and trap-
induced non-radiative recombination, with the density of trap states fluctuating over time
(Scheme 5.2). According to the model, the deactivation or reduction of trap states enhances the
PL intensity of the long-lifetime state due to the increased probability of radiative
recombination. Conversely, the PL intensity of the short-lifetime state decreases as the absence
or reduced number of trap states diminishes the probability of non-radiative recombination as
an additional pathway. When trap states activate or increase their number, the PL intensity of
the short-lifetime state increases due to the greater likelihood of non-radiative recombination.
However, the activation of traps reduces the probability of pure radiative recombination,
thereby decreasing the PL intensity of the long-lifetime state. The MRC model thus predicts an
anti-correlation between the PLs of two lifetime states, consistent with the growth feature
observed in the CCF. The timescale of the growth kinetics, tr, relates the rates of appearance
and disappearance of trap states. The faster tr observed in the mixed-phase nanocrystals

compared to the a-phase indicates that carriers are trapped more efficiently and on a shorter
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timescale in the mixed phase (Table 5.1). This is further corroborated by the lower value of 8
in the mixed phase, which suggests more dispersive blinking (Table 5.1). Conventional FCS
analysis also aligns with these findings, revealing a faster blinking timescale and a reduced 3
value for mixed-phase nanocrystals compared to those of the a-phase nanocrystals (Figure 5.8,

Table 5.1).

Our single-dot blinking and FLCS studies are in good agreement with the ensemble
measurements. For instance, the average lifetime and PLQY of CsPblz nanocrystals
significantly decrease as the crystal phase transitions from a-phase to mixed-phase suggesting
that the mixed-phase contains a higher density of trap states. The average peak position of
single-particle PL spectra for a-phase nanocrystals appears at ~649 nm, which is ~7 nm blue-
shifted compared to the ensemble PL peak (~656 nm) (Figure 5.2). In contrast, for the mixed-
phase, the average single-particle PL peak (~620 nm) is substantially blue-shifted relative to
its ensemble peak (~658 nm). This pronounced blue shift in the mixed-phase is attributed to
photo-corrosion observed during single-particle studies, consistent with earlier reports by the
Klimov and Mulvaney groups: [*>°!) Additionally, the FWHMs of the PL spectra for mixed-
phase nanocrystals are significantly broader than that of the a-phase when measured at the
single-particle level (Figure 5.2). This broadening indicates emission from bound excitonic
states, generally observed in the presence of deep trap states, further corroborating the presence

of extensive traps in the mixed-phase nanocrystals.[®4!
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Scheme 5.2. The MRC model describes the activation (right panel) and deactivation (left panel)
of traps in nanocrystals over time. Left panel (traps inactive): Radiative recombination
dominates over non-radiative recombination, resulting in a higher PL intensity for the long-
lifetime state (top figure). Conversely, the reduced probability of simultaneous radiative- and
non-radiative recombination, leads to lower PL intensity for the short-lifetime state (bottom
figure). Right panel (traps active): The probability of radiative recombination alone
decreases, lowering the PL intensity of the long-lifetime component (top figure). However, the
higher likelihood of combined radiative and non-radiative recombination increases the PL

intensity of the short-lifetime component (bottom figure). The MRC model thus predicts a PL
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anti-correlation between the two lifetime states, consistent with the growth feature observed in
the CCF. The timescale of growth kinetics tr is persuasive to the appearance and disappearance

rates of trap states.

5.6 Conclusion

In this study, we performed a comprehensive analysis of carrier dynamics in a-phase and
mixed-phase CsPblsz perovskite nanocrystals using single-particle blinking, FLCS, and
ensemble studies. Single-particle blinking analyses, including FLID mapping and intensity-
lifetime scaling, revealed distinct recombination mechanisms in the two phases. Blinking in a-
phase nanocrystals is predominantly driven by shallow trap-induced NBC recombination, with
a minor contribution from HC recombination. In contrast, blinking in mixed-phase
nanocrystals is primarily attributed to deep trap-induced HC recombination, with moderate
contributions from trion and NBC recombination. Our FLCS investigations provided consistent
insights, highlighting a greater involvement of trap states in mixed-phase nanocrystals
compared to a-phase nanocrystals. A key observation from FLCS is the growth feature in the
initial correlation of the CCF, which confirms the dynamic nature of shallow trap states driving
nanoparticle blinking in fluid-phase dispersions. Understanding carrier dynamics in red-
emitting CsPbl; perovskite nanocrystals is essential for the rational design of next-generation
optoelectronic and photovoltaic devices, as these nanocrystals are regarded as ideal candidates
for such applications. This study offers valuable insights and represents a significant step

forward in advancing the development of these promising materials for device integration.
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6.1 Abstract

Increasing the number of facets in CsPbBr3; perovskite nanocrystals (PNCs) from 6 to 12
and 26—without significantly changing their surface area markedly enhances energy
transfer (ET) efficiency in PNC—dye assemblies, as shown by solution-phase ensemble
studies. This enhancement stems from stronger dye binding in facet-rich PNCs, which is
supported by fluorescence correlation spectroscopy (FCS). Single-particle ET
measurements, however, reveal comparable per-dye ET efficiencies across PNCs with
varying facet counts. The transfer is governed by a Dexter mechanism, facilitated by dyes
with strong anchoring groups that penetrate the ligand shell and bind directly to the NC
surface, thereby eliminating the requirement for the spectral overlap typically necessary in
resonant ET. Further studies show that the higher binding affinities of extra-faceted PNCs
enable more efficient carrier extraction. Collectively, these findings highlight facet
engineering as a versatile strategy to modulate interfacial interactions and enhance

performance in applications ranging from photocatalysis to sensing and light harvesting.

6.2 Introduction

Metal halide perovskites (CsPbBr3) gain prominent attention for applications as a light absorber
and energy donor to surface bound molecules because of their tunable redox potentials, strong
light absorption, high defect tolerance and strong light matter interactions.!!! Their
compositional tunability further provides a versatile platform for investigating charge and

(7] To expand their utility, recent efforts have focused on hybrid

energy transfer processes.
systems that couple PNCs with homogeneous catalysts, such as dyes or transition metal

complexes. These nano assemblies exhibit enhanced photocatalytic performance, driven by
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efficient ET, strong light absorption of PNCs and the long-lived triplet states of molecular

catalysts. (]

Efficient energy transfer (ET), whether short-range Dexter or long-range Forster, depends
mainly on how strongly perovskite nanocrystals (PNCs) interact with nearby dye or catalyst
molecules. This strong coupling usually happens through linkers or anchoring groups that help
the molecules attach tightly to the PNC surface. ['121 However, a thick ligand shell—while
useful for keeping the nanocrystals stable—can block access to the surface. This barrier slows
down or even prevents Dexter-type ET, which needs very close contact between donor and

acceptor molecules to allow their electron orbitals to overlap. [310-11:12-16]

Forster resonance energy transfer (FRET), on the other hand, can occur over longer distances
(up to about 10 nanometers) through dipole—dipole interactions, even if the molecules are not

17-18] Byt FRET only works efficiently when the emission spectrum of the

directly touching. !
donor and the absorption spectrum of the acceptor overlap strongly, and when both transitions

have high oscillator strength. Because of these strict requirements, it can be difficult to find

suitable dye molecules, which limits the flexibility of FRET-based systems.

The exact way energy transfer happens in PNC—dye systems is still debated because these
materials are complex and often vary from sample to sample. Some studies suggest that FRET
might play a role, but most evidence supports a Dexter-type mechanism. 11219231 Unlike
FRET, Dexter transfer does not depend on spectral overlap but instead on the spatial overlap
of the electronic wave functions of the donor and acceptor. 2% When these hybrid states form,
the excited energy quickly relaxes to the lower-energy acceptor states through internal

conversion.
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For photocatalytic systems that rely on Dexter-type transfer, it is important to design the
nanocrystal surface carefully. Strong binding between the dye and the PNC, short distances
between them, and stable surface structures help increase energy transfer efficiency and

improve the overall optical and catalytic performance of perovskite nanocrystals.

We reported improvement of photocatalytic performance in CsPbBr; PNC—dye
conjugates through NC surface engineering, which increases the number of facets in NCs from
six (cubic) to twelve (dodecahedral) and twenty-six (rhombicuboctahedral), while maintaining
comparable surface area. FCS reveals that facet-rich PNCs exhibit significantly higher binding
affinity to the acceptor dye 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate
(DiIC18), correlating with increased ensemble ET efficiency. Single-particle PL measurements
based on stochastic photobleaching steps in DilCig emission, however, reveal similar per-dye
ET efficiencies across nanocrystal (NC) morphologies, indicating that the enhanced ensemble
ET performance of facet-rich PNCs arises from their higher dye binding abilities.['*] This work
highlights facet engineering as an effective strategy to enhance charge and energy transfer
efficiencies via improved surface interactions, evidenced by better carrier harvesting in extra-

faceted PNCs by a molecular scavenger. 2428
6.3 Synthesis of Extra Faceted Nanocrystals

The synthesis of PNCs with varying facets and similar PLQY's [~ 80% (c6-PNC), ~82% (d12-

PNC), ~82% (r-PNC)] involves multiple sequential steps, as outlined below. The synthesis was

done following previous reports with slight modifications. (2628

6.3.1 Preparation of Caesium-oleate solution

To synthesize Cs-oleate, approximately 86.8 mg of Cs2CO3 (~0.26 mmol) was placed in a 25

mL two-neck round-bottom flask along with ~4 mL of ODE and ~0.44 mL of OA. The mixture
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was heated to 130 °C for 1 hour under a nitrogen atmosphere. Following this, the temperature
was raised to 150 °C and maintained for 15 minutes. After this period, the resulting clear

solution containing Cs-oleate was collected and stored in a refrigerator for subsequent use.

6.3.2 Synthesis of 6 Faceted cubic (c6-PNC) morphology

CsPbBr3 nanocrystals with six facets were prepared using a modified hot-injection method
based on a reported procedure. About 45 mg PbO (~0.2 mmol), 120 mg phenacyl bromide (~0.6
mmol), 1 mL oleic acid (OA), and 5 mL octadecene (ODE) were placed in a 25 mL three-neck
flask, heated to 130 °C under nitrogen, and stirred for 1 hour. The temperature was then
increased to 220 °C, followed by the addition of 0.5 mL pre-dried oleylamine (OAm). After 60
seconds, 0.5 mL pre-heated cesium oleate was quickly injected, and the reaction was stopped
after 10 seconds by cooling the flask in an ice-water bath. The crude product was centrifuged
at 12,000 rpm for 10 minutes, and the solid was redispersed in 3 mL of hexane for further

photophysical studies.

6.3.3 Synthesis of 12-Faceted rhombic dodecahedron (d12-PNC) morphology

Twelve-faceted rhombic dodecahedral CsPbBr3; nanocrystals were synthesized using a slightly
modified version of a reported hot-injection method. About 45 mg of PbO (~0.2 mmol) and
120 mg of phenacyl bromide (~0.6 mmol) were mixed in 5 mL of pre-dried octadecene (ODE)
in a 25 mL three-neck flask. Then, 1 mL each of dried oleic acid (OA) and oleylamine (OAm)
were added. The mixture was degassed with nitrogen and heated to 130 °C, stirred for 1 hour,
and then the temperature was increased to 220 °C and maintained for another hour. At this
point, 0.5 mL of cesium oleate solution was quickly injected, and the reaction continued for 15
minutes before being cooled in an ice-water bath. The resulting bright green product was

purified by centrifugation at 8000 rpm for 10 minutes. The solid was redispersed in hexane and
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centrifuged again at 3000 rpm for 3 minutes. The clear supernatant was collected for

subsequent analysis and photophysical studies.

6.3.4 Synthesis of 26-Faceted rhombicuboctahedron (r26-PNC) morphology

Twenty-six-faceted rhombicuboctahedral perovskite nanocrystals were synthesized
following a procedure similar to that of c-PNCs, with minor modifications. Initially, ~45
mg of PbO (~0.2 mmol) and ~120 mg of phenacyl bromide (~0.6 mmol) were combined with
5 mL of ODE and 1 mL of OA in a 25 mL three-neck flask. The mixture was heated to 130 °C
under a nitrogen atmosphere and stirred for 1 hour. The temperature was then increased to
220 °C, followed by the addition of 0.5 mL of OAm, and the reaction was annealed for 15
minutes. Subsequently, 0.5 mL of cesium oleate was swiftly injected, and the reaction was
allowed to anneal for an additional 45 minutes. The resulting yellowish suspension was

quenched in an ice-water bath.

The crude product was purified by centrifugation at 4000 rpm for 10 minutes. The resulting

precipitate was redispersed in hexane and stored for photophysical measurements.

6.4 Sample characterisations and preparation of DYE-PNC conjugate

6.4.1 Faceted PNCs

Three different shapes of PNCs: cubic, rhombic dodecahedron, and rhombicuboctahedron
having 6, 12, and 26 facets respectively, were successfully synthesized. The TEM images
(Figure 5.1 A—C) confirm these morphologies. The corresponding particle size distributions
were analysed, ensuring all three structures have comparable surface areas for consistent
analysis (Figure 5.1 D-F). The powder XRD patterns were recorded and found to be in good
agreement with previously reported results (Figure 5.1 G—I). We have referred cubic, thombic

dodecahedron, and rhombicuboctahedron as c6-PNC, d12-PNC and r26-PNC respectively.

226 |Page



Unveiling Facet-Controlled Energy Transfer from Individual Perovskite
Nanocrystals to Dyes

S

(G

~—

. =

21+4.5nm “ h
0

10 20 30 40 50 0 20 30 40 50
(E) Edge length (nm) 20 (degree)

) <& &

Counts

Intensity (a.u.)

6-Faceted
Cube
[c6-PNC]

-

(B)

E=

Counts
(-]
Intensity (a.u.)

12-Faceted
Dodecahedron

16 £ 3 nm
. L . A
0 20 30 40 5

10 20 30 40 50

=3

[d12-PNC]
©) Edge length (nm) 0 20 (degree)

&

Intensity (a.u.)

N 1228 nm
26-Faceted

Rhombicuboctahedron : : 10 20 30 40 50 10 20 30 40 50
[r26-PNC] Edge length (nm) 26 (degree)

Figure 6.1. (A, B, C) TEM images of CsPbBr; PNCs with varying facets. Particle size

distributions of (D) c6-PNCs (E) d12-PNCs and (F) r26-PNCs derived from TEM images and
Powder XRD patterns of (G) c6-PNCs, (H) d12-PNCs, and (I) r26-PNCs exhibit features

consistent with previously reported results.

6.4.2 DYE-PNC Complex

We have taken 1,1'-dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine perchlorate (DilCis),
dye due to its long hydrocarbon chain [(CH2)17—CH3] which is represented as 'R'. The core
dye structure consists of two indoline rings (benzopyrrole systems), which are nitrogen-
containing aromatic heterocycles responsible for fluorescence and are inherently polar. Similar

to oleylamine, the nitrogen-containing polar moiety of DilC;g is expected to directly interact
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with the PNC surface, thereby enabling Dexter-type energy transfer. PNCs of this type are
known to possess polar facets and a soft lattice, which further supports such interactions.*%! In
contrast, the two long, saturated 18-carbon alkyl chains of DilCis are highly hydrophobic,
enabling DilCig to stably embed within the passivating layer formed by oleic acid and
oleylamine. Across different morphologies, the NCs exhibit nearly identical spectral profiles,
photoluminescence quantum yields (PLQYSs), overlap integrals between NC emissions and

DilCis absorption, and consequently the comparable Forster distances (Ro =~ 5.95 nm).
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Figure 6.2. (A) Structure of DiIC18 dye, (B) Structure PNC-DiIC18 dye hybrid complex, (C-
D) Absorption and emission spectra of different morphological PNCs and dye and their similar

spectral overlap region (shown in gray area).
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6.5 Results and Discussion

6.5.1 FCS and Double Reciprocal Plot to determine the association constant (K) between

dye and PNCs

FCS is a powerful technique for probing the timescales of various processes by analyzing
temporal fluctuations in NC PL, including carrier trapping/de-trapping, NC-—dye
binding/unbinding, diffusion of NCs through the confocal volume, and other dynamic

31-3233-341 1 this study, only the NC PL was directed to the detectors by employing a

events.!
520 £+ 20 nm bandpass filter in combination with a long-pass filter. NC FCS curve offers
valuable insights into binding/unbinding dynamics, particularly when the interaction between

a NC and a dye molecule induces NC PL intensity changes on timescales faster than diffusion,

as a result of energy transfer. The corresponding chemical reaction is shown below.!!!!
NC (bright) + Dye = NC(dark) — Dye (6.1)

If, k+ and k. be the association and dissociation rate constants, the equilibrium binding constant

K is represented by, K= ki/k.. 1112

When dye is added at varying concentrations to a solution with a fixed concentration of NCs,
the initial amplitude of the FCS curves increases progressively (Figure 6.3A-C). This trend is
attributed to a corresponding rise in the NC—dye complexation reaction amplitude (Ar, as

11-12] Assuming that the intrinsic blinking timescale (tr) of the NCs

described in Equation 6.4).!
remains unchanged upon dye addition, the observed enhancement in the initial correlation
amplitude with increasing dye concentration indicates the formation of dynamic NC—dye
complexes. Further details on this phenomenon can be found elsewhere.!!'"12 The overall fitting

equation for the FCS curves of NCs in the presence of dye as follows.[6:!1-12]
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Above equation involves several fitting parameters such as the mean diffusion timescale (tp),
structural parameter of the excitation volume (), complexation timescale (tr) and the average
number of NCs within the excitation volume in free (Na) and bound form (Np). Description of

other parameters discussed before. [!!12]

In this study, the experimental conditions ensure that the dye is present in large excess
compared to the NC, i.e., [dye] > [NC], allowing the free dye concentration to be approximated
as its initial value, [dye] = [dye]o. Under these circumstances, the interaction follows pseudo-
first-order kinetics, with the relaxation time tr determined by the inverse of the sum of the

association and dissociation rate constants (Equation 6.3). [11-12]
Tr = (Ky X [dye]o + k)71 (6.3)

The diffusion time (tp) is assumed to be identical for both free and dye-bound NCs, as dye
binding is not expected to significantly impact the overall size or hydrodynamic radius of the
NC. Consequently, the NC and NC—dye are treated as rapidly interconverting species with
comparable diffusion coefficients, and their exchange occurs on a timescale much faster than

that of diffusion.!'!1?!

From the fitting of NC FCS curves by Equation 6.2 yields Ar, which depends on dye
concentration as shown in the inset of Figure 6.3A-C and Equation 6.4. Fitting Ar vs [dye]

curves to Equation 6.4 yields equilibrium binding constant K. Values of K for different PNC-

dye complexes are reported in the inset of Figure 6.3A-C.[!!12]

_ _Kidye]o(1-D?

T (1+IxK[dye]o)? (6.4)

R
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Here, I denotes the ratio of PL intensities of NCs in the dye-bound and free states, calculated
from the ratio of the integrated areas under the NC PL spectra recorded in the presence of the
highest dye concentration and in the absence of dye. While derived K values are reported in

Figure 6.3A-C and other fitting parameters for c6-, d12- and r26-PNCs are reported.
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Figure 6.3. (A-B) FCS curves of PNCs in toluene at varying DilCig concentrations (0—-0.17
uM), excited at ~375 nm with low excitation power (~2 W/cm?). Insets show the FCS
amplitude of the complexation reaction (Ar) versus DilC;s dye concentration; fitting yields
binding constant K, which increases with facets. (C-D) Double-reciprocal plots fitted to
Equation 6.5 yield apparent binding constants for NC-DilCig complexes. The results indicate

stronger binding of DilCig with extra-faceted PNCs.

Originally introduced by Benesi and Hildebrand, the double-reciprocal plot based on PL data
is a widely used method for determining binding constants.!'8 In this work, the apparent
binding constant (K) representing the solution phase interaction between DilCig and PNC was
estimated using equation 6.5.
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1 _ 1 1 1
= 7 e
Do—Dpps (Do_q)obs (Q)O—(D ng)K [Q]

(6.5)

In the above equation, ®¢ represents the PLQY of the PNCs in the absence of DilCys, while
®ops denotes the PLQY of PNCs at a given DilCig concentration. Similarly, ®ops” refers to the
PLQY at the highest DilCis concentration. [Q] indicates the concentration of the quencher
(DilICi3) at each titration point. Equation 6.5 follows a linear relationship, therefore a straight-
line fitting (y = mx + ¢) to “1/(Do - Dobs) vs. 1/[Q]” plot enabling the estimation of the apparent

binding constant (kapp) (Figure 6.3D-F). k values are reported within the Figure 6.3D-F.
6.5.2 Dexter energy transfer efficiency in different faceted PNCs: Steady state analysis

We first performed ensemble studies to confirm ET-induced quenching of PNC PL by DilCis
dye. At a fixed PNC concentration (~75 nM) in hexane, increasing bulk dye concentration (=2—
40X relative to PNCs) resulted in gradual quenching of PNC PL, enhanced DilCig emission,
and the emergence of an isoemissive point in area-normalized spectra—indicative of ET from
PNCs to DilCis dye (Figures 6.4 A-C ).I**] Excited-state PL dynamics show a DilC;s induced
decrease in PNC lifetimes, accompanied by a similarly scaled rise in DilCig emission—both
accelerating with increasing DilC1s/PNC ratio—strongly supporting ET (Figures 6.4 A-C).[*°]
The PL-excitation (PLE) spectrum of the PNC-DilIC;g system below 526 nm regime, monitored
near the DilC;g emission peak (~580 nm), predominantly mirrors PNC PLE spectrum,
indicating ET from photoexcited PNC to dye at Aex <526 nm . In contrast, the 526—-575 nm
region resembles the PLE spectrum of DilC ;s alone, suggesting direct excitation of the dye. [!*]

All these observations collectively confirm the occurrence of ET from the PNC to DilCis.

The ET efficiencies (®er) of PNC-DilCig complexes in bulk are calculated using @t

= 1-—1/lo, where I and I» are the PNC PL intensities in the presence and absence of DilCig. As
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shown in Figure 6.4 G, @t increases with increasing the number of facets in PNC, a

trend that intensifies at higher DilC1s/PNC ratios.
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Figure 6.4. (A—C) Area-normalized PL spectra of c6-/d12-/r26-PNC-DilCis systems in hexane
showing iso-emissive points, confirming ET (Aex~ 375 nm). (D-F) TRPLs of DilCis dye (red)
and PNC (green) in PNC-DIilCis systems, recorded at their respective PL peaks at varying
dye/PNC ratio (Aex~ 375 nm). (G) PNC PL quenching efficiency vs. dye/PNC ratio. All these
observations suggest ET from PNC to the dye proceeds via the singlet state. (H, I) Gradual CI
alloying of c6-PNC reduces spectral overlap, yet ET efficiency remains comparable or higher

than in undoped PNCs (I), suggesting a Dexter-type mechanism.
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The enhanced ®rr observed for extra-faceted PNCs is attributed to their higher dye-binding
capacity compared to regular cubic NCs at a fixed DilC1s/PNC ratio. This is consistent with
the FCS study and suggests that the binding potential and consequently the catalytic efficiency
of PNCs increases with increasing the number of facets. To establish the energy transfer
pathway either FRET or Dexter we have alloyed CsPbBr3; with Cl and gradually reduces the

spectral overlap with the acceptor absorption (Figure 6.4 H).

The efficiency (Figure 6.4 1) after CI alloying does not differ much with the normal CsPbBr3
confirms our PNC to dye energy transfer occurs via dexter pathway. Dexter ET can occur even
when the spectral overlap between PNC PL and dye absorption is minimal. DilCg, which
contains indoline (benzopyrrole) units within its conjugated framework, was selected due to its
strong binding affinity to the PNC surface — a key requirement for achieving sufficient spatial

overlap between PNC and dye wavefunctions to enable this transfer.
6.5.3 Energy transfer in single particle dimension from PNC QD to dye molecules

To investigate donor—acceptor spatial and temporal correlations at the single-particle
level, pM-concentration PNCs in PMMA (~0.5 (w/v) % in toluene) with ~2 uM DilCis dye
were spin-coated onto a coverslip. Emissions from individual PNCs and attached dyes were
recorded in confocal microscope using a spectrally resolved two-channel HBT scheme: the
green channel (520+£20 nm bandpass) captured donor PL, and the red channel (570 nm long-
pass) detected acceptor emission (Figure 6.5F). Discrete bright spots in confocal image of the
green channel confirm emission from isolated single PNCs, as verified by antibunching
analysis (Figures 6.5A). In the red channel, a constant background from dye emission due to
finite absorption at 375 nm by the dense dye layer is accompanied by localized spots spatially
aligned with green-channel emitters, indicating ET from PNC to dye (Figure 6.5A). This

suggests that PNCs can function as optical antennas in photocatalytic reactions.*®
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The donor-channel PL trajectory exhibits typical nanoparticle blinking, which is also reflected
in the acceptor-channel PL trajectory with high correlation, supporting ET (Figure 6.5 B).['%37-
#] Three distinct donor—acceptor PL correlations are highlighted and further quantified by (1)
grey-shaded regions in the PL trajectories (Figure 6.5B) and (2) cluster states marked with
board pins in the 2D intensity correlation map derived from donor-acceptor PL traces (Figure
6.5 D): (1) PNC in a dark state with no ET—Dboth donor and acceptor channels are off [left grey
slab (Figure 6.5 B) and pin 2 (Figure 6.5 D)]; (ii) PNC in a bright state with active ET—both
channels emit (middle grey slab/pin 1); and (iii) dye photobleaching deactivates ET—donor

PL increases, while acceptor emission is suppressed (right grey slab/pin 3).

A B) pPNcdark  PNCBright DYE C D
( ) Donor Channel ( ) No ETX ET Photo-bleach ( ) ( )
. I x
£ 120 (-) DYE
3 200
c % 7 |morE £
§ 40 5 = 3 150
a 0 £ |Donor TRPL (5]
" £
£ 200 2 (+INC 8 100
3 150 B 9-
Q £ ; ]
- i Rise ]
5100 £ INC g
2 50 rd
§ 0 ptor TRP
0 5 100 150 200 250°[° 300 % 10 15 20 25 30 1700
Acceptor Channel Time (s) Time (ns)

Donor Counts
background

(E) 1 (F) 570LP

SuOuOm@n \0— -I D
Acceptor
| Channel
Cr
g 3 .
0. Donor
500 0 500 Channel

Time (ns)

g’(v)

Figure 6.5. (A) Confocal images showing co-localized green PL from d12-PNCs and red PL
from DilCis (hex~375 nm, Ip ~2 W/cm?). (B) PL intensity trajectories with 50 ms bin time
exciting donor only (Aex~375 nm) reveal three temporal behaviors: (i) donor in dark state—no
ET, no acceptor PL (left-grey slab); (ii) donor in bright state—ET induces acceptor PL (middle-
grey slab); (iii) acceptor bleached—enhanced donor PL, no acceptor PL (right grey slab). (C)

TRPL of donor channel shows lifetime quenching before dye bleaching, accompanied with rise
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component in TRPL of acceptor’s channel, indicating ET. Acceptor channel TRPL without
PNC shows no rise. (D) 2D donor-acceptor intensity correlation map highlighting three
correlation regimes reflecting ET (board pin 1), non-ET (board pin 2) and dye photobleaching
(board pin 3). (E) Second-order donor—acceptor PL correlation function [g%(t)] exhibits
antibunching, confirming ET which results in anticorrelated donor-acceptor emissions (Aex~375
nm). (F) Schematic of energy transfer in the PNC—dye system and the two-arm Hanbury Brown

and Twiss (HBT) scheme used for donor—acceptor PL correlation study.

Beyond the nanometer-scale spatial correlation (Figure 6.5A) and millisecond-scale temporal
correlation in PL trajectories and intensity map (Figures 6.5B,D), stronger evidence for ET is
provided by donor lifetime quenching and a concomitant rise in the acceptor TRPL (Figure
6.5C). Additionally, photon arrival times in two channels show anticorrelated behaviour in the
antibunching analysis (Figures 6.5E,F), consistent with ET: a photoexcited PNC can decay
radiatively or transfer energy to the dye, but not both, resulting in photon emission from either

46-47] The donor—acceptor g(t) trace recorded from a bright spot in Figure

of the two channels.!
6.5A, however, exhibits only partial antibunching, most likely due to the combined effects of

biexciton emission from the PNC and uncorrelated background emission from the dye film

resulting from direct excitation of the dyes (Figure 6.5E).[12:28]
6.5.4 Quantifying per dye efficie3ncy by step bleaching in acceptor channel

Determining per-dye ET efficiency through single-particle studies is essential to
confirm that discrepancies in ensemble ET efficiency across different morphologies at a given
dye/PNC ratio arise from variations in dye loading per PNC (Figure 6.4 G). In single-particle

analysis, the actual number of dyes surrounding each PNC is inferred from step-like
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photobleaching events in the acceptor-channel PL trajectory (Figure 6.5 A-C).[*8-53]
Statistical analysis of ~30-40 PNCs shows that an average of ~1.0, ~1.3, and ~1.5 DilCis dyes
(<N>gye) are attached to a c6-, d12-, and r26-PNC, respectively, at a fixed dye concentration of

~2 uM in the spin-coating solution (Figures 6.6D, 6.7A,B).
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Figure 6.6. (A—C) Acceptor-channel PL trajectories recorded on individual d12-PNCs (bright
spots in Figure 6.4A) bound to varying numbers of dyes (1-3) show stepwise photobleaching,
with each step corresponding to a single dye bleaching. (D) Histogram of dye counts per d12-
PNC, fitted with a Poisson distribution, yields ~1.3 as mean number of dyes attached per d12-
PNC (<N>gye) at ~2 uM dye concentration in spin coating solution. (E) Representative TRPL
traces of single d12-PNCs without dye (grey) and with increasing dye loading in spin coating
solution (blue to maroon). (F) Average single-particle ET efficiency [®(N)] vs. <N>gye, fitted

using Equation 6.2, yielding a near consistent per-dye efficiency Eo~0.49 across PNC

morphologies.
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Figure 6.7. Single particle TRPL traces of (a) c6-PNC and (b) r26-PNC without dye (grey) and
with increasing dye loading in spin coating solution (blue to maroon) which consequently
represent how the single particle donor lifetime changes with gradual increase in number of

dyes attached to it [<N>gye].

The higher number of attached dyes [<N>gye| for extra-faceted PNCs indicates that their
enhanced binding affinity persists even in the solid state. These <N>gye values, determined at
low dye concentration (~2 nM) in spin coating solution, were used to estimate <N>gye at higher
dye concentrations, assuming <N>4ye increases linearly with dye concentration in spin coating
solution. Single particle TRPL traces in Figure 6.6E represent the donor lifetimes of d12-PNC—
dye systems as a function of <N>4ye, €ach trace representing an average decay profile from at
least ~30 individual measurements. Figure 6.7 shows corresponding data for the other two PNC
morphologies. The single-particle ET efficiency ®(N) is calculated from the average single-
particle lifetimes of PNCs without (10) and with <N>gy. dyes attached to a PNC (t~) using the

following equation (Figure 6.6F). [12:54]

O(N) =1-tn/10 (6.1)
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Subsequently, fitting the ®(N) vs. (N)aye curve with Equation 6.2, assuming identical transfer
rates to each attached dye, yields the ET efficiency [@¢] for a PNC attached to one dye molecule

(Figure 6.6F).!2%

Nxd,

O(N) = 1+(N—1)x Py

(6.2)

Fitting reveals near identical ®o or per-dye ET efficiency (~0.49) across PNC
morphologies, in sharp contrast to solution-phase results (Figure 6.4G vs. 6.6F). Facet
dependent transfer efficiency in solution arises from a higher number of dyes binding to facet-
rich PNCs in solution at a given dye/PNC ratio (Figure 6.4 G). In single-particle studies at near-
unity dye-to-PNC ratios, (N)d4ye can be accurately determined via stochastic photobleaching
steps, consequently, yielding consistent ®(N) [~ ®o] across all morphologies (Figure 6.6F). At
higher (N)dye, however, extra-faceted PNCs exhibit slightly elevated ®(N), likely due to an
underestimation in (N)qye arising from their higher dye-binding capacity- an effect retained

even after spin coating involving high mechanical force.
6.5.5 Hole transfer efficiency from Faceted PNCs to NMA

In the following section, we examine how facet engineering can benefit real
applications by imparting high binding affinity to extra-faceted PNCs. From the perspective of
light-harvesting applications, efficient interfacial charge transfer is of paramount importance.
To probe this, we designed a model hybrid system comprising PNCs and the molecular hole
scavenger N-methylaniline (NMA), where the hole transfer efficiency (®ur) 1s investigated as
a function of PNC facets.[?*5-!] Three PNC morphologies with similar concentrations (~13
nM) were dispersed in hexane, and TRPLs were recorded using TCSPC (90 ps IRF) under
identical conditions and fixed data acquisition time before and after adding fixed concentration

NMA (~3.7 mM). The initial TRPL amplitude decreased from Ao to Anma upon ~3.7 mM NMA
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addition, with a more pronounced reduction for extra faceted PNCs—indicating greater
fraction of excited-state depopulation in facet rich PNCs via ultrafast (~3 ps) hole transfer
(Figure 6.8A-C). Although the transfer timescale is too fast to resolve directly in TCSPC, the

amplitude drop, however, allows estimation of ®ur using the following equation:[¢*

P = 1 — = 3)

As expected, @ur increases from 0.08 to 0.40 and 0.50 at ~3.7 mM NMA as the number of
facets rises from 6 to 12 and 26, respectively, attributed to a higher number of bound NMA

molecules in facet-rich NCs.
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Figure 6.8. TRPLs of PNCs dispersed in hexane under varying NMA concentrations recorded

in TCSPC (upper panel) and femtosecond upconversion (lower panel). Y-axis is in linear scale.

Samples were excited at 405 nm and TRPLs were recorded at their respective PL maxima.

This is further corroborated by femtosecond upconversion measurements (IRF ~0.3 ps), which

reveal the emergence of an ultrafast quenching component (~3 ps) in the PNC PL at high NMA
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concentration (~720 mM), attributable to hole transfer from photoexcited PNC to NMA (Figure
6.8D-F). The use of high NMA concentration ensures that, at the moment of photoexcitation,
nearly all PNCs encounter NMA in their immediate vicinity, thereby excluding any
contribution from solvent diffusion to the quenching dynamics. Notably, the amplitude of this
ultrafast hole-transfer component increases with the number of facets at a fixed NMA
concentration, indicating that a larger number of NMA molecules bind to each PNC as the facet
count increases (Figure 6.8D-F). This observation aligns with the enhanced binding capacity

of extra-faceted PNCs, as evidenced by FCS and complementary studies.

6.9 Conclusion

Facet-rich CsPbBr3 PNCs exhibit strikingly enhanced energy and charge transfer efficiencies
in solution, driven primarily by their exceptional dye-binding affinity. Single-particle ET
measurements demonstrate comparable per-dye transfer efficiencies across morphologies,
unequivocally confirming that the superior performance of extra-faceted PNCs in solution
arises from their uniquely increased dye-loading capacity. The practical significance of these
extra-faceted NCs is further underscored by carrier extraction studies, in which facet-rich NCs
dramatically outperform their cubic counterparts. These findings not only highlight the
transformative impact of facet engineering on interfacial interactions but also establish extra-
faceted CsPbBr; PNCs as exceptionally promising candidates for high-performance

photovoltaic, photocatalytic, and light-harvesting applications.
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