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An Outlook 

Over the past decades, advances in synthesis, characterization, and spectroscopic techniques 

have rapidly expanded the field of nanomaterials, giving rise to diverse systems with finely 

tunable properties. Among them, colloidal quantum dots (QDs) and plasmonic nanostructures 

have emerged as two of the most influential platforms: QDs for their bright, size-dependent 

emission and rich excitonic photophysics, and plasmonic nanoparticles, on the other hand, for 

their localized surface plasmon resonances offering the ability to manipulate light at 

subwavelength scales. Within this landscape, the central theme of this thesis is 

heterostructuring-integrating multiple material regions within a single nanostructure to achieve 

emergent functionalities. The thesis examines heterostructuring from two complementary 

angles. Chapters 1-3 adopt an emitter-centric view, showing how structural design within the 

QDs (being the emitter here) itself can engineer carrier wavefunctions, control excitonic 

interactions, and tailor photophysics. Specifically, the first three chapters are structured so that 

Chapter 1 establishes the conceptual foundations of QD heterostructuring, using II-VI systems 

as illustrative archetypes given their status as the most mature and extensively developed 

heterostructured materials. The following two chapters then broaden this framework to other 

QD material classes, examining the distinct challenges and opportunities that each system 

presents for heterostructure design. Chapter 4 shifts to an environment-centric approach, 

demonstrating how heterostructured plasmonic nanoparticles can modulate emission by 

reshaping the local photonic environment without altering the emitter. Together, the thesis 

perspectives span distinct material classes and design philosophies, unified by the goal of 

understanding and leveraging heterostructuring strategies to achieve tailored functionalities. 

Chapter 1 provides a broad introduction to the development of QDs, tracing their evolution 

from early discoveries to their current role as versatile nanoscale emitters. This chapter 

emphasizes the effects of quantum confinement on tunable optical and electronic properties, 

the amplified influence of surface at nanoscale, the necessity of surface ligand passivation, and 

their multicarrier photophysics. Building on this foundation, this chapter surveys synthesis 

strategies for heterostructured QDs, focusing on II-VI systems as archetypes as they represent 

the most mature and well-understood examples so far. It outlines the importance of lattice 

matching for coherent heteroepitaxy, strategies to mitigate mismatch, and the major classes of 

heterostructures defined by their band alignment, illustrating how each enables distinct carrier 

localization and recombination pathways. The chapter concludes by examining representative 

heterostructured QDs to show how quantum confinement reshapes bulk band alignments and 
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tunes carrier delocalization. Together, these discussions establish the conceptual and 

methodological basis for the following chapters, which extend heterostructuring principles to 

additional classes of QDs and explore how nanoscale design can be used to achieve targeted 

photophysical functionalities. 

Chapter 2 extends the emitter-centric heterostructuring strategy to III-V nanocrystals, focusing 

on InAs as a model system. It presents two complementary approaches aimed at enhancing 

their near-infrared optical performance. The first part examines a graded multishell 

architecture, InAs@InP@ZnSe, in which an InP buffer layer is intentionally introduced to 

alleviate the substantial lattice mismatch between InAs and ZnSe. Comprehensive optical 

spectroscopy is used to track the evolution of properties from the core-only material to the 

core@shell and finally the core@shell@shell structures. This hierarchical design successfully 

suppresses the resonant trap states in InAs upon InP shelling, and the addition of a 

wide-bandgap ZnSe outer shell further boosts the photoluminescence quantum yield (PLQY) 

to ~50%. The second part investigates a more streamlined heterostructure: a direct InAs@ZnSe 

core@shell system that has recently achieved record PLQYs of ~70% despite its simpler 

architecture. The work presented here focuses on elucidating the role of ZnCl₂ used directly in 

the synthesis in enabling this enhanced performance. Together, these studies show how both 

graded and direct heterostructures can be strategically engineered to reshape the photophysics 

of InAs QDs, significantly advancing their potential for infrared optoelectronic applications. 

Chapter 3 address heterostructuring challenges in the novel QD class of lead halide 

perovskites. The work presented here investigate a halide-exchange-driven route to 

CsPbCl3/CsPbI3 core/shell nanocrystals, designed to achieve large Stokes-shifted emission 

while suppressing reabsorption losses-a long-standing limitation in perovskite photophysics. 

By leveraging the intrinsic ionic chemistry of perovskites rather than attempting to impose 

covalent-semiconductor design rules, this work demonstrates a proof-of-principle pathway 

toward functional heterostructures in a material system long considered incompatible with such 

architectures. Positioned after the heterostructuring strategies developed for II-VI and III-V 

QDs, this chapter highlights both the unique constraints and the distinctive opportunities 

presented by perovskite NCs, completing the thesis-wide narrative of how heterostructuring 

can be adapted, reimagined, and extended across fundamentally different nanocrystal 

platforms. 
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Chapter 4 marks a deliberate transition toward environment-centric heterostructuring using 

plasmonic architectures. While semiconductor QDs rely on band engineering to tailor excitonic 

behavior, this chapter introduces Ag@SiO₂ plasmonic heterostructures as a complementary 

route in which optical properties are enhanced by reshaping the emitter’s local photonic 

environment through localized surface plasmon resonances. Using these plasmonic 

architectures, the chapter demonstrates Purcell-enhanced emission in hybrid systems 

combining Ag@SiO₂ nanoparticles with the a fast-emitting conjugated polymer. By 

incorporating high-Z HfO2 nanoparticles, the work further extends this enhancement to 

radioluminescence, yielding a fully solution-processable nanocomposite where plasmonic field 

confinement, high-Z sensitization, and suppressed polymer aggregation act synergistically. 

This work effectively broadens the thesis from semiconductor band engineering to plasmonic 

field engineering, establishing plasmonic heterostructures as a powerful and scalable strategy 

for accelerating emission kinetics and enabling next-generation hybrid scintillators. 

Chapter 5 provides the experimental foundation that underpins the photophysical analyses 

presented throughout this thesis. This chapter introduces the principles and instrumentation of 

the methods used extensively in Chapters 2-4. These include steady-state absorption and 

photoluminescence spectroscopy, time-correlated single-photon counting and streak-camera-

based time-resolved emission measurements, and femtosecond transient absorption (TA) 

spectroscopy. Particular emphasis is placed on fluence-dependent TA analysis, detailing how 

biexciton decay profiles are extracted from pump-intensity-dependent kinetics. Together, these 

techniques form the analytical backbone of the thesis, enabling a consistent and quantitative 

comparison of excited-state behavior across the diverse material classes studied-from InAs 

QDs, to cesium lead halide perovskites, to semiconducting polymers in plasmon-enhanced 

photonic environment. 
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12 1. Introduction 

The defining characteristic of a semiconductor lies in its moderate energy gap between the 

valence and conduction bands-a property intrinsically governed by the material composition, 

bonding nature, and crystal lattice structure1, 2. In bulk form, this bandgap remains fixed, 

dictating the material’s optical and electronic behavior. However, when these semiconductors 

are miniaturized down to the nanometer regime, their properties undergo a profound 

transformation. At these dimensions, the strong spatial confinement imposed on these 

structures changes how carriers behave, profoundly shifting their optical, electrical, and 

magnetic behaviors- giving rise to a completely different material class-now widely known as 

quantum dots (QDs). These materials form the central focus of this thesis, spanning Chapters 

1 to 3, which examine QD heterostructuring from an emitter-centric perspective. The current 

chapter establishes the foundational concepts of QD heterostructures using II-VI systems as 

archetypes, given their status as the most extensively studied and successfully engineered 

heterostructure platforms to date. The following chapters then explore how other material 

classes expand this landscape, highlighting the distinct challenges and opportunities they 

present for heterostructure design. 
1.1 Into the history of QDs: from tinted glass to engineered nanocrystals 

1.1.1. Early observation and theoretical foundation 

The story of QDs begins not in the cleanrooms of modern nanotechnology, but in the humble 

shimmer of painted glass. In the late 1970s, Alexei Ekimov observed that certain glasses 

containing semiconductor nanocrystals (NCs) displayed unusual, size-dependent colors.3, 4 

These vivid hues were not merely decorative accidents; they were the first experimental 

evidence of quantum confinement in solid-state systems. By embedding copper chloride and 

cadmium selenide NCs into a glass matrix, Ekimov revealed that the optical properties of 

semiconductors in extremely small size regime could be tuned simply by controlling particle 

size.5-7 What appeared as a shift in color was, in fact, the manifestation of a new regime of 

physics-where carriers were confined to dimensions comparable to their de Broglie 

wavelengths. This experimental breakthrough was soon given theoretical clarity. In 1982, 

Alexander Efros provided theoretical framework to understand how confinement alters the 

electronic density of states, leading to discrete energy levels reminiscent of atoms4, 8. The term 

“quantum dot” was born from this analogy, capturing the essence of these NCs as artificial 

atoms whose properties could be engineered by design. Together, Ekimov and Efros established 

the foundation of a field that would bridge solid state physics, chemistry, and materials science. 
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The next leap came when Louis Brus and coworkers extended these ideas into colloidal 

chemistry9. In 1983, Brus demonstrated that semiconductor NCs could be synthesized in 

solution, rather than locked inside matrices. These cadmium sulfide colloids exhibited the same 

size-dependent optical shifts, but now in a medium that allowed systematic study and 

manipulation. This transition from solid-state matrices to colloidal dispersions marked a 

turning point: QDs were no longer curiosities trapped in glass, but versatile nanomaterials 

accessible to chemists and physicists alike. Brus’s work opened the door to scalable synthesis 

and practical applications, laying the groundwork for these NCs as functional materials rather 

than laboratory novelties. 

1.1.2. Hot Injection synthesis; a paradigm shift in precision control 

Early colloidal synthesis of QDs was limited by the production of polydisperse particle 

ensembles, which severely hindered their practical applications.10-14 Since the emission 

wavelength and optical properties of QDs are intrinsically size-dependent (as described in 

detail in the later section), this lack of uniformity resulted in broad and poorly defined spectral 

features, preventing precise control over emission profiles that are essential for practical 

applications such as light-emitting diodes (LEDs), lasers, and biological imaging. The 

breakthrough that transformed QDs chemistry into a reliable craft came in 1993, when Moungi 

Bawendi and his team introduced the hot-injection method15. This marked a turning point, as 

it enabled rapid nucleation followed by controlled growth, yielding highly monodisperse NCs 

with tunable optical properties (Figure 1.1 a-c). This methodological advance not only elevated 

the technological relevance of QDs but also provided a robust platform for fundamental studies. 

By achieving precise control over NC size and shape, we could systematically probe different 

quantum confinement regimes-ranging from strong confinement-where both electron and hole 

wavefunctions are spatially restricted, to intermediate, to weak confinement-where 

asymmetries in carrier localization and near-bulk excitonic behavior emerge. Such precision 

allowed direct observation of size-dependent bandgap shifts, exciton binding energies, and 

carrier dynamics, thereby deepening the understanding of semiconductor physics at the 

nanoscale. What followed next was an exponential growth in the field of QDs, marked by 

emergence of new materials and insights into their photophysics, followed by their integration 

into diverse platforms spanning display technologies, photovoltaics, quantum information 

science, biomedical imaging, and photocatalysis.  
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It is remarkable to highlight here that, for the discovery and development of QDs, the three 

pioneers-Alexei Ekimov, Louis Brus, and Moungi Bawendi-were awarded the 2023 Nobel 

Prize in Chemistry, a prestigious recognition that honors the field as one of the “greatest 

benefits to humankind.”  

1.2. Lamer nucleation 

The hot-injection synthesis, rooted in LaMer’s principle, overcame the limitations of early 

colloidal methods by enforcing a clear temporal separation between nucleation and growth.16, 

17According to the LaMer model, nanoparticle formation proceeds through three 

concentration-dependent stages (as illustrated in Figure 1.1d): supersaturation, where precursor 

concentration rises above the critical threshold; a brief nucleation burst, triggered when the 

concentration exceeds the nucleation limit; and a growth phase, in which the concentration falls 

below the nucleation threshold yet remains sufficient to enlarge existing particles without 

generating new ones. Hot-injection reproduces this sequence by rapidly introducing precursors 

into a hot coordinating solvent, driving the system into supersaturation and initiating an 

instantaneous nucleation event. High temperatures promote fast precursor conversion and 

uniform nucleation, while sustained heating enables controlled growth. Quenching the 

reaction-typically by immersion in an ice-water bath-abruptly halts growth and fixes the final 

size distribution. This controlled manipulation of precursor concentration underpins the 

method’s ability to yield highly monodisperse NCs. 

The power of hot-injection lies in its capacity to create a single, well-defined nucleation event, 

ensuring that all particles begin growing simultaneously. Earlier low-temperature syntheses 

could not reliably achieve this, as slow precursor conversion often led to secondary nucleation 

and broad size distributions. In contrast, hot-injection confines nucleation to a narrow temporal 

window, after which growth proceeds under nearly identical conditions for all particles, 

minimizing dispersity. Elevated temperatures also improve crystallinity and shape uniformity, 

producing NCs of superior structural quality. 

The seminal demonstration of hot injection synthesis by Bawendi and co-workers attained CdE 

QDs (E= S, Se, Te) with immediate nucleation, controlled growth, and photoluminescence 

quantum yields (PLQY) around 10% (Figure 1.1 a-c).15 This paradigm was quickly extended 

to zinc chalcogenides, other II-VI materials, I-III-VI semiconductors, and lead chalcogenides. 

As understanding of precursor chemistry deepened, the method diversified further, enabling 

precise control over composition, size, and shape. These advances had broad impact: narrow 
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size distributions revealed fine spectral features, and high band-edge quantum yields enabled 

detailed studies of exciton physics. Together, these developments established hot-injection as 

a foundational technique in QD synthesis and laid the foundation for modern insights into their 

optoelectronic behavior. 

 

Figure 1.1. (a) Absorption spectra of CdE (E = S, Se, Te) nanocrystals from the first reported 

hot-injection synthesis by Bawendi and co-workers. (b) Transmission electron microscopic (TEM) 

image of the attained 5.1 nm CdSe nanocrystals demonstrating the high monodispersity achieved in 

their pioneering synthesis. (c) Size-dependent absorption spectra of CdSe nanocrystals obtained using 

the same hot-injection method (adapted from reference 15). (d) Schematic diagram of LaMer nucleation 

showing different phases in relation to the concentration of precursors (Adapted from reference 17). 

 

1.3. The augmented role of surface at nanoscale 

Colloidal QDs are typically composed of an inorganic semiconductor core capped with a shell 

of organic ligands (Fig 1.2 a-c).18 From the point of structural integrity, these ligands are 

indispensable: they not only render them solubility in organic solvents but also stabilize the 

colloidal dispersion against aggregation. The dual nature of ligands-comprising a hydrophilic 

head group (commonly carboxylates, phosphonates, thiols, or amines) and a long hydrophobic 

alkyl tail-ensures compatibility with nonpolar solvents and provides a versatile platform for 

further chemical functionalization.19 In addition, surface capping ligands plays significant role 

in determining their optoelectronic properties.18 

This augmented role of surface in QDs arises as the surface-to-volume ratio becomes a defining 

parameter in this size regime. For instance, a spherical QD of 5 nm in diameter possesses a 

surface area of approximately 78.5 nm² and a volume of 65.5 nm³, corresponding to a surface-

a c

b

d
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to-volume ratio of 1.2 nm⁻¹. This simple calculation illustrates that as particle size shrinks, the 

fraction of atoms residing at or near the surface increases dramatically, eventually dominating 

the overall properties of the NC. Unlike bulk materials, where surface atoms represent a 

negligible fraction, NCs are inherently surface-dominated systems. Consequently, their 

chemical reactivity, stability, and optoelectronic performance are strongly governed by 

surfaces. 

In QDs, the valence and conduction bands are split into discrete, quantum-confined states, 

giving rise to size-dependent luminescence (as discussed in detail in section 1.4).20 However, 

the presence of undercoordinated atoms at the NC surface introduces complications. These 

atoms possess dangling bonds, which are unsatisfied valence orbitals left unpaired due to the 

absence of neighboring atoms that would normally complete their coordination in the bulk 

lattice. Such dangling bonds generate localized electronic states with energies lying between 

the highest occupied and lowest unoccupied quantum-confined orbitals of the QDs.18 These 

mid-gap states act as traps for electrons or holes, providing non-radiative pathways that quench 

luminescence and severely limit the performance of NC-based devices. Surface passivation 

through ligand binding offers a solution to this problem (Fig 1.2 d). When a ligand’s frontier 

orbital interacts with a surface atom, new molecular orbitals (MOs) are formed with bonding 

(σ) and antibonding (σ*) character. The bonding orbital is stabilized relative to the isolated 

surface atom, while the antibonding orbital is destabilized. Importantly, the formation of a 

strong covalent bond between the NC surface atom and the ligand shifts the energies of these 

σ and σ* orbitals outside the bandgap. This effectively removes trap states from within the 

bandgap, thereby suppressing fast non-radiative recombination and restores the intrinsic 

quantum-confined excitonic luminescence. 

Thus, the augmented role of surface in colloidal NCs is twofold: it introduces challenges by 

creating trap states and instability, on the flip side, it also provides opportunities for chemical 

engineering via ligand design. By rationally selecting and tailoring ligands, we can not only 

stabilize NCs but also fine-tune their electronic states, enabling meaningful alterations to their 

properties. 
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Figure 1.2. (a) Computational model of a colloidal PbS QD with a diameter of 5 nm, passivated by 

oleate ligands. (b) Schematic representation of a QD structure, highlighting the inorganic core 

enveloped by a shell of organic ligands. (c) Classification of ligand binding motifs on the surface of a 

CdSe nanocrystal. X-type anionic ligands bind to surface cations, neutralizing metal-rich facets; L-type 

neutral electron-donor ligands coordinate with electrophilic metal sites on stoichiometric facets; Z-type 

neutral electron-acceptor ligands interact with undercoordinated, electron-rich Se atoms. Green arrows 

indicate representative surface atoms involved in these interactions. (d) Simplified molecular orbital 

diagram of a CdSe quantum dot illustrating how ligand binding shifts the energies of Cd- and Se-derived 

surface electronic states (shown in red) outside the bandgap. HOMO: highest occupied molecular 

orbital; LUMO: lowest unoccupied molecular orbital (Figures a, c, and d adapted from reference 18 and 

c adapted from reference 21).  

 

1.4. Electronic structure and property tuning beyond composition 

In bulk semiconductors, the electronic structure emerges from the collective behavior of a vast 

number of atoms.1, 2 Analogous to the linear combination of atomic orbitals (LCAO) that forms 

MOs in molecules, the overlap of atomic orbitals in a crystalline lattice leads to the formation 

of energy bands.22 As the number of atoms increases, the discrete MOs hybridize into quasi-

continuous bands: the valence band (VB), populated by electrons, and the conduction band 

(CB), which is typically empty. These bands are separated by a small energy gap (𝐸𝑔), 

characteristic of the material’s electronic properties. 

Carrier transitions across this band gap are governed by momentum conservation. Photons, 

having negligible mass and thus minimal momentum, cannot alone satisfy the conservation 

requirement in indirect band gap semiconductors.23, 24 For a photon to induce an interband 

transition, the generated electron and hole must possess equal and opposite momenta. In direct 

band gap semiconductors, this condition is inherently satisfied, allowing efficient absorption 

a b d

c
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of visible light. In contrast, indirect band gap materials require the simultaneous involvement 

of phonons to conserve momentum, rendering the process a three-particle interaction with 

significantly lower transition probability. 

When the dimensions of a semiconductor are reduced to the nanoscale, the electronic structure 

undergoes a profound transformation. QDs, composed of tens to thousands of atoms, occupy a 

regime between molecules and bulk solids. In this confined geometry, the spatial extent of the 

exciton-the bound state of an electron and hole-is comparable to the NC size.4, 20 The exciton 

Bohr radius (𝑎𝐵) thus becomes a critical parameter. Materials exhibit widely varying Bohr 

radii, underscoring the material dependence of quantum confinement effects. 

The band gap of a nanocrystal (𝐸𝑔
𝑁𝐶) deviates from its bulk counterpart by the addition of 

confinement energy (Figure 1.3a).25 This term arises from the spatial restriction of charge 

carriers and depends inversely on the square of the NC radius (𝑅), as well as on the effective 

masses of the electron (𝑚𝑒
∗) and hole (𝑚ℎ

∗ ). The modified band gap can be expressed as: 

𝐸𝑔
𝑁𝐶 = 𝐸𝑔,0 +

ℏ2𝜋2

2
(

1
𝑚𝑒

∗ +
1

𝑚ℎ
∗ )

1

𝑅2
 

This equation reveals a counterintuitive insight: the electronic properties of a material can be 

tuned not only by its composition but also by its size. Such tunability is central to the 

photophysics of QDs and underpins their rich, emergent properties. 

In bulk semiconductors, this interaction gives rise to excitons with binding energies typically 

on the order of tens of meV. However, in colloidal QDs, the confinement energy often exceeds 

the exciton binding energy, meaning the spatial extent of the excitation is dictated by the NC 

boundaries rather than Coulombic attraction. In this regime, the Coulomb interaction can be 

treated as a perturbative correction, yielding the full expression for the NC band gap26: 

𝐸𝑔
𝑁𝐶 = 𝐸𝑔,0 +

ℏ2𝜋2

2
(

1
𝑚𝑒

∗ +
1

𝑚ℎ
∗ )

1

𝑅2
−

1.8𝑒2

𝜀𝑟𝑅
 

where 𝑒 is the elementary charge, 𝜀𝑟 is the relative dielectric constant of the material, and ℏ is 

the reduced Planck constant. Importantly, this expression corresponds specifically to the 

lowest-energy (1S(h)-1S(e)) excitonic transition, where both the electron and hole occupy their 

ground quantized states. In terms of the spherical particle-in-a-box model, this corresponds to 

the radial quantum number 𝑛 = 1 and angular momentum 𝑙 = 0, for which the first zero of the 
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spherical Bessel function is 𝑘1,0 = 𝜋. The familiar confinement term 
ℏ2𝜋2

2𝑚∗𝑅2  therefore arises 

directly from the general quantization condition: 

𝐸𝑛,𝑙 =
ℏ2𝑘𝑛,𝑙

2

2𝑚∗𝑅2
 

evaluated for the ground state. Higher-lying electronic states (e.g., 1P, 1D, 2S) follow the same 

quantization rule but with larger values of 𝑘𝑛,𝑙, giving rise to a ladder of discrete energy levels 

above the band edge (Figure 1.3 a). The discrete nature of energy levels in QDs arises as a 

direct consequence of spatial confinement. As the principal quantum number ′𝑛′ increases, the 

spacing between consecutive levels decreases because the zeros of the spherical Bessel 

functions become more closely spaced. Nevertheless, the states near the band edge remain well 

separated, giving rise to the characteristic step-like absorption profiles observed in NCs (Figure 

1.3 c).  

While the quantization of electronic states in the CB can be reasonably captured by a simple 

particle in a box model, the situation in the VB is considerably more intricate. In bulk II-VI 

semiconductors, like CdSe, the VB is not a single parabolic band but a manifold composed of 

several closely spaced sub-bands-most prominently the heavy-hole (hh), light-hole (lh), and 

split-off (so) bands.5 These originate from the p-like atomic orbitals of the anion, which, under 

the influence of spin-orbit coupling and crystal-field effects, split into states with different total 

angular momenta. In the bulk limit, these sub-bands overlap sufficiently to form a quasi-

continuous VB with a high density of states. 

When the semiconductor is confined to nanometer dimensions, this multi-sub band structure 

becomes strongly modified. Confinement lifts the degeneracy between hh, lh, and so bands, 

forcing each to quantize independently according to the same general condition 𝐸𝑛,𝑙 =
ℏ2𝑘𝑛,𝑙

2

2𝑚∗𝑅2, 

but with their own effective masses and angular momentum characteristics. Since the hole 

effective masses are typically much larger than those of electrons, the spacing between 

quantized hole levels is smaller, producing a much denser ladder of discrete states near the VB 

edge (Figure 1.3 b). Moreover, the proximity of the hh and lh bands in energy means that 

confinement does not simply quantize them separately; instead, it induces strong mixing 

between these sub-bands. The resulting hole states are therefore hybridized combinations of hh 

and lh character, with their energies and symmetries determined by the interplay of 

confinement, spin-orbit coupling, and crystal-field splitting. This confinement-induced mixing 
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is a defining feature of the VB in QDs. It gives rise to hole states labeled by total angular 

momentum projections (e.g., 1𝑆3/2(ℎ), 1𝑃3/2(ℎ)), rather than by simple orbital quantum 

numbers alone (Figure 1.3b). These hybridized states form the origin of the discrete valence-

band levels observed in absorption spectra (Figure 1.3c), where transitions such as 1𝑆(𝑒) →

1𝑆3/2(ℎ)and 1𝑃(𝑒) → 1𝑃3/2(ℎ) appear as distinct, size-dependent peaks. As the NC radius 

decreases, the increased confinement enhances both the energy spacing and the degree of hh-

lh mixing, leading to the pronounced blue-shifts and spectral restructuring characteristic of 

strongly confined CdSe QDs. Thus, while the discretization of CB states arises primarily from 

geometric confinement and the relatively simple parabolic nature of the bulk CB, the discrete 

levels in the VB emerge from a more complex combination of quantization, multi-sub band 

structure, and confinement-induced hybridization. This rich VB physics is central to 

understanding the optical selection rules, transition intensities, and fine structure of excitonic 

states in colloidal QDs.5 

 

Figure 1.3. (a) Illustration of the transformation of electronic band structure from bulk semiconductors 

to QDs under strong quantum confinement. (b) More realistic band structure of CdSe quantum QDs, 

highlighting the multi-sub-band nature of the VB and the resulting complex hierarchy of hole states. 

This richer VB structure contrasts with the simplified single-band model and leads to a correspondingly 

more intricate pattern of allowed interband optical transitions (indicated by arrows). (c) Several of the 

transitions identified in panel (b) can be directly observed in the absorption spectra of CdSe QD samples 

with different mean radii (indicated in the figure). Arrows of matching color denote the same electronic 

transitions across panels (Adapted from reference 25). 

In short, quantized electronic energy levels of QDs directly influence their interaction with 

light. The absorption spectrum of a QD is shaped by its material composition, size, and 

geometry. For instance, CdSe QDs absorb in the visible range, while InAs QDs extend into the 

near-infrared (NIR), and offers further tunability in spectral profiles with size and shape of the 

NC. Upon photoexcitation, the NC relaxes to its ground state either non-radiatively or via 

a cb
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radiative recombination, emitting light at a wavelength determined by its band gap. This size-

dependent emission is a cornerstone of their implementation in applications spanning imaging, 

displays, and photovoltaics. However, not all excitations result in photon emission. Trap states-

the unhybridized electronic states within the band gap-can facilitate nonradiative 

recombination. These may arise from intrinsic defects or surface imperfections, the latter of 

which was described in the preceding section. Another consequence of quantum confinement 

is that it relaxes momentum conservation rules, enabling even indirect band gap materials like 

silicon to exhibit PL when confined to the nanoscale. 

1.5. Multicarrier photophysics in QDs 

Strong quantum confinement in these NCs also influences their response under high-intensity 

excitation. When the excitation density becomes sufficiently large, a single QD can host more 

than one e-h pair at a time, giving rise to multiexcitonic states. Such regimes are routinely 

accessed in applications that rely on dense carrier populations, including optical gain and 

lasing, high-brightness LEDs, multiphoton imaging, and photocatalytic processes where 

multiple carriers participate in charge-transfer reactions. A defining characteristic of these 

multiexcitonic states is that their decay dynamics are dominated by nonradiative Auger 

recombination. In this process, the recombination energy of an e-h pair is not emitted as a 

photon, instead is transferred to a third carrier, which is promoted to a higher-lying state within 

the same band. In bulk semiconductors, Auger recombination is strongly constrained by the 

requirement of simultaneous conservation of energy and translational momentum, making it a 

thermally activated process whose rate typically follows an Arrhenius-type dependence, 𝑟𝐴 ∝

exp (−𝛾𝐴𝐸𝑔/𝑘𝐵𝑇), where 𝐸𝑔is the band gap energy, 𝑘𝐵 is the Boltzmann constant, and 𝑇is the 

absolute temperature27. In QDs, however, spatial confinement relaxes the requirement for strict 

momentum conservation, replacing it with less restrictive angular momentum considerations. 

At the same time, the confinement of multiple carriers within a nanometer-scale volume 

enhances Coulomb interactions due to their close proximity.28 These effects amplify Auger 

coupling by orders of magnitude, making it the dominant decay pathway for any state 

containing more than one exciton. As a result, multiexciton lifetimes typically fall in the 

picosecond range-far shorter than radiative lifetimes-leading to extremely low PL efficiencies 

for multicarrier states. 
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1.5.1. Trions-the simplest multicarrier states 

The simplest Auger-active multicarrier states in QDs are charged excitons, or trions, which 

consist of one exciton together with an additional electron (negative trion, 𝑋−) or hole (positive 

trion, 𝑋+).29-31 Trions can be generated under several conditions, including electrical charging 

through doping or electrochemical gating, photocharging under prolonged illumination that 

preferentially traps one carrier type, or imbalanced carrier capture from the surrounding matrix 

or ligands. If only radiative pathways were present, the emission rate of a state containing 

𝑁𝑒 electrons and 𝑁ℎ holes would scale statistically as 𝑘𝑟(𝑁𝑒 , 𝑁ℎ) = 𝑁𝑒𝑁ℎ𝑘𝑟,1𝑋, where 𝑘𝑟,1𝑋is 

the single-exciton radiative rate.32 Under this model, both 𝑋−and 𝑋+would emit twice as fast 

as a neutral exciton. In practice, however, trion emission is severely quenched because Auger 

recombination overwhelmingly outcompetes radiative decay. The recombination energy of the 

exciton is efficiently transferred to the extra carrier-an electron in 𝑋−or a hole in 𝑋+-leading 

to nonradiative decay rates that exceed radiative rates by several orders of magnitude. 

Consequently, trion PLQYs are typically only a small fraction of the single-exciton value. 

1.5.2. Biexcitons and higher-order multiexcitons 

A neutral biexciton (2𝑋), consisting of two e-h pairs, represents the next level of multicarrier 

complexity. Under optical excitation, biexcitons and higher-order multiexcitons can be 

generated in two distinct ways: either through the sequential absorption of multiple photons 

before earlier excitons recombine, or through the absorption of a single high-energy photon 

whose excess energy is sufficient to create more than one exciton. The latter mechanism is 

known as multiple exciton generation (MEG).33, 34 Although statistical scaling predicts that the 

radiative decay rate of a biexciton should be four times that of a single exciton (𝑘𝑟,2𝑋 = 4𝑘𝑟,1𝑋) 

(following the equation described in section 1.5.1), biexciton emission is even more strongly 

quenched than trion emission. Auger recombination dominates biexciton decay through two 

independent channels, in which the recombination energy excites either an electron (negative 

trion pathway) or a hole (positive trion pathway). The total biexciton Auger rate can be 

expressed as 𝑘𝐴,2𝑋 = 2(𝑘𝐴,𝑋− + 𝑘𝐴,𝑋+).30 In QDs with symmetric CB and VB structures, where 

𝑘𝐴,𝑋− ≈ 𝑘𝐴,𝑋+, this simplifies to 𝑘𝐴,2𝑋 = 4𝑘𝐴,𝑋−. For higher-order multiexcitons, the number 

of possible recombination and energy-transfer pathways increases rapidly.35 Under the 

statistical model, the Auger rate for a general (𝑁𝑒
, 𝑁ℎ)state is 𝑘𝐴(𝑁𝑒 , 𝑁ℎ) =

1

8
𝑁𝑒𝑁ℎ(𝑁𝑒 + 𝑁ℎ −

2)𝑘𝐴,2𝑋. For a neutral 𝑁-exciton state, this becomes 𝑘𝐴,𝑁𝑋 =
1

4
𝑁2(𝑁 − 1)𝑘𝐴,2𝑋. Thus, Auger 
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recombination accelerates approximately as 𝑁3for large 𝑁, while radiative rates increase only 

quadratically (𝑘𝑟,𝑁𝑋 = 𝑁2𝑘𝑟,1𝑋). The resulting PLQY, 𝑄𝑁 =
4(𝑘𝑟,1𝑋/𝑘𝐴,2𝑋)

𝑁−1
, decreases sharply 

with exciton multiplicity, explaining why multiexciton emission is rarely observed unless 

Auger processes are intentionally suppressed through material engineering strategies. 

1.5.3. The universal volume scaling of biexcitonic Auger  

One of the most robust experimental observations in QD photophysics is that Auger lifetimes 

scale linearly with NC volume.36, 37 For biexcitons, this translates into a cubic dependence on 

the QD radius, a trend confirmed across both direct and indirect band gap materials. This 

universal scaling, in other words, suggests that increasing the size of the NC can reduce Auger 

recombination by reducing carrier overlap. However, simply growing larger QDs is not a 

universal solution, as increasing the NC size simultaneously reduces the band gap, limiting 

spectral tunability and shifting emission to longer wavelengths. Moreover, even in relatively 

large QDs, biexciton Auger lifetimes remain far shorter than radiative lifetimes. 

To navigate these limitations, several alternative strategies have been developed to suppress 

Auger recombination without sacrificing control over optical properties. Reducing e-h overlap 

through heterostructuring-such as core/shell architectures, graded shells, or quasi-type-II band 

alignments-can spatially separate carriers and weaken Coulomb coupling.38-40 Engineering the 

band structure to reduce interband mixing can diminish the number of allowed Auger pathways, 

while tailoring interband transition strengths through confinement potentials or band offsets 

can further suppress Auger processes.40, 41 Shape-controlled NCs, such as elongated or 

anisotropic structures, can redistribute carrier densities and reduce overlap.42, 43 Among these 

approaches, heterostructuring is the central strategy explored in this thesis. In the following 

sections, different classes of heterostructured QDs will be introduced in detail, along with their 

specific mechanisms for suppressing Auger recombination and enhancing the stability of 

multiexcitonic states. 

1.6. Property control beyond composition & size: wavefunction engineering  

Another powerful aspect of colloidal QDs is the versatility they offer in order to deliberately 

tailor their carrier dynamics through a set of strategies collectively known as wavefunction 

engineering. At its core, wavefunction engineering involves rationally modifying how electrons 

and holes are confined or allowed to delocalize within a NC, with the goal of achieving specific 

optical, electronic, or chemical properties. Since the spatial distribution of charge carriers 
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directly governs radiative recombination, exciton lifetimes, Auger processes, and 

charge-transfer behavior, even subtle adjustments to confinement can produce profound 

changes in their performance. 

Two well-established approaches to wavefunction engineering are doping and 

heterostructuring. Doping introduces foreign ions into the host semiconductor lattice, creating 

discrete, localized electronic states within the band gap. These dopant-induced localized states 

can act as alternative recombination pathways or modify the excitonic landscape by trapping 

one of the carriers. This strategy has been successfully applied across a wide range of QD 

compositions-II-VI, III-V, and IV-VI systems demonstrating its versatility.44-47 Depending on 

the dopant identity and concentration, doping can tune emission color, extend carrier lifetimes, 

suppress nonradiative decay, or even introduce magnetic or catalytic functionalities.  

A second, and often more structurally controlled, method of wavefunction engineering is 

heterostructuring. Here, two or more semiconductor materials are integrated into a single NC, 

typically in core/shell, multi-shell, or anisotropic architectures. Since each material possesses 

distinct band-edge energies, the resulting band alignment dictates where electrons and holes 

preferentially reside. By appropriate choice of the materials, one can confine carriers to specific 

regions or spatially separate them to modulate recombination rates, suppress Auger processes, 

or enhance charge extraction. In particular, the design space offered by heterostructuring is 

exceptionally broad. It enables the creation of NCs with engineered strain profiles, spatially 

graded compositions, or anisotropic geometries such as dot-in-rod or seeded nanorods. These 

architectures can yield emergent properties not accessible in single-component QDs, including 

polarized emission, enhanced photostability, reduced blinking, and tunable exciton-phonon 

coupling. 

The following discussion focusses on II-VI semiconductor as archetype for heterostructure 

QDs, as they represent the most mature platform for their synthesis and photophysical 

characterization. Their well-understood chemistry and tunable band structures make them ideal 

for illustrating the principles and methodologies of heterostructure design for meaningfully 

altering their optoelectronic properties.  

1.7. Synthesis strategies for heterostructure QDs 

From the synthesis point of view, among the numerous methodologies developed, three 

approaches have become particularly influential for heterostructuring in colloidal QDs: 

successive ion layer adsorption and reaction (SILAR), one-pot heterostructure growth, and 
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cation-exchange reactions. Each method offers distinct advantages in terms of structural 

control, material compatibility, and accessible heterostructure architectures, and together they 

form the foundation of modern colloidal heterostructure synthesis. 

The SILAR method represents one of the most controlled and reliable routes for constructing 

core/shell heterostructures. Adapted conceptually from atomic layer deposition, SILAR relies 

on the iterative and separate addition of cation and anion precursors to a dispersion of 

pre-synthesized cores.48-51 By introducing each precursor in a stoichiometric and temporally 

separated manner, the method minimizes homogeneous nucleation of the shell components and 

promotes monolayer-by-monolayer shell growth. In particular the choice of relatively mild 

precursors dissolved in high boiling solvents enables shell deposition at elevated temperatures 

while maintaining low precursor supersaturation. This combination of low reactivity and 

controlled dosing allows exceptional fine control over shell thickness and uniformity. SILAR 

emerged as a solution to the limitations of early hot-injection shell-growth protocols, which 

often produced polycrystalline or irregular shells due to uncontrolled precursor decomposition. 

In contrast, SILAR consistently yields structurally uniform heterostructures as achieved for the 

case of CdSe/ZnS, CdSe/CdS, with high PLQY and tunable shell thicknesses. Its success has 

inspired widespread adoption across multiple semiconductor classes, and even enabled the 

synthesis of multi-shell and alloyed heterostructures with high structural precision. 

Parallel to SILAR, one-pot heterostructure synthesis has emerged as a simpler and more 

scalable alternative.52 In this approach, all necessary precursors are introduced at or near the 

beginning of the reaction, and the heterostructure forms as a consequence of intrinsic 

differences in precursor reactivity. Highly reactive precursors initiate core nucleation, while 

less reactive species remain unreacted until the core surface becomes available for shell growth. 

This reactivity-driven sequence allows the formation of core/shell structures without the need 

for intermediate purification or repeated precursor injections. Although this method generally 

lacks the monolayer (ML) precision achievable with SILAR, they remain widely used due to 

their synthetic simplicity, high throughput, and compatibility with a broad range of II-VI 

systems. It is particularly advantageous in scaled-up synthesis or when rapid screening of 

heterostructure compositions is required. 

A fundamentally different route to heterostructuring is provided by cation-exchange reactions, 

which enable the transformation of pre-formed NCs into new compositions or segmented 

architectures while preserving the original anion sublattice.53-56 Cation exchange is driven by 
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thermodynamic factors, including the relative stability of the resulting solid phase and the 

solvation energies of displaced ions. When a QD is exposed to an excess of a new cationic 

precursor, incoming cations diffuse into the lattice and replace native cations, which are 

expelled into solution. Depending on reaction kinetics, stoichiometry, and facet reactivity, 

cation exchange can yield complete compositional transformations, partial exchange leading 

to alloy formation, or spatially selective exchange that produces Janus-type or multi-domain 

heterostructures. In some systems, particularly the lead chalcogenides, cation exchange 

provides access to core/shell structures that cannot be synthesized by high-temperature 

shell-growth methods due to the thermal instability of the parent NCs. For instance, exposing 

PbS or PbSe QDs to cadmium oleate at low temperatures yields uniform CdS or CdSe shells 

with tunable thicknesses, while preserving the original particle shape and anion lattice.57 These 

exchanged heterostructures often exhibit enhanced thermal stability and can serve as platforms 

for subsequent shell growth by conventional methods. An important consideration when 

discussing exchange-based routes to heterostructure formation is that, in colloidal NCs, cation 

exchange overwhelmingly dominates. This preference arises because cations are typically 

smaller and far more mobile within the lattice than anions, enabling them to migrate and 

substitute readily. Nevertheless, rare but revealing cases of anion exchange do exist. One 

notable example is the transformation of approximately 10 nm CdS NCs upon exposure to 

trioctylphosphine telluride at 260 °C.58 In this system, complete anion substitution converts 

wurtzite CdS into zinc-blende CdTe while maintaining an overall spherical morphology. 

However, during the intermediate stages of the reaction, the substantial lattice strain and the 

rapid movement of cations disrupt shape preservation, producing transient structures 

resembling “dimer-like” dual-domain particles where two nearly spherical regions meet along 

a flat interface. This behavior illustrates why, for most conventional binary semiconductors, 

achieving shape retention during anion exchange is inherently challenging. 

In contrast, when translating this concept of ion-exchange driven heterostructuring, the 

situation becomes markedly different across material classes. For instance, the lead halide 

perovskite NCs (APbX3, where A is a monovalent cation typically Cs⁺ or organic cations like 

methylammonium or formamidinium), the novel class of QDs characterized by their soft, 

highly ionic lattice,59, 60 undergoes rapid, reversible halide exchange even at low temperatures, 

while fully preserving both their crystallographic framework and external morphology. 

Reported halide-exchange reactions in these systems consistently show complete miscibility of 

halides within the perovskite lattice, meaning that the exchanged anions distribute uniformly 
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rather than forming compositionally distinct domains. As a result, simple halide exchange 

cannot be used to generate spatially defined heterostructures in this material family, despite the 

ease of anion mobility. In a later chapter of this thesis, a surface modification strategy is 

introduced, designed specifically to overcome this limitation. By restricting halide exchange to 

the outermost region of the NC, this approach realizes heterostructuring in lead-halide 

perovskite QDs-a capability that is otherwise inaccessible through conventional 

anion-exchange chemistry. 

1.8. Compositional freedom & the imperative of lattice matching in heterostructuring 

A central consideration in designing nanoscale heterostructures is the stringent requirement 

that the constituent materials possess sufficiently compatible lattice parameters. Although the 

vast freedom in morphology and composition enables an impressive diversity of 

heterostructure architectures, the practical realization of many of these designs is 

fundamentally constrained by lattice mismatching between the different components. As 

discussed in the previous section, surfaces acquire an amplified influence at the nanoscale; by 

the same reasoning, the interface within a heterostructure becomes an equally dominant factor. 

Unlike bulk or thin-film semiconductor interfaces-where strain and defects are often more 

predictable-the interface in colloidal NCs can profoundly reshape the electronic structure, and 

consequently the optical response, of the entire system. To quantify the structural compatibility 

between two materials, the lattice mismatch is typically expressed as: 
𝑎shell−𝑎core

𝑎core
× 100% 

(where 𝑎coreis the lattice constant of the core material, and  𝑎shell is the lattice constant of the 

shell material). This parameter is crucial in predicting whether coherent epitaxial growth can 

be sustained. 

A representative example is the widely studied CdSe/ZnS system.61, 62 Coating CdSe with a 

wide-band-gap ZnS shell should, in principle, confine both charge carriers within the core 

while passivating surface traps, thereby enhancing PLQY. Indeed, this structure is often cited 

as the archetype of a type-I core/shell heterostructure (detailed description of classification of 

heterostructures to different types follows in the subsequent section). However, the substantial 

lattice mismatch between CdSe and ZnS (~12%) limits the shell thickness that can be grown 

without introducing strain-induced defects. As a result, the PLQY typically peaks at shell 

thicknesses only slightly exceeding a ML.61 Beyond this point, accumulated strain generates 

interfacial defects that act as nonradiative recombination centers. This limitation becomes 

evident when compared to the so-called “giant” QDs featuring thick shells, which are 
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exclusively attained with CdS shells51. CdS exhibits a much smaller mismatch with CdSe 

(~6%), enabling the growth of thick, defect-suppressing shells. However, because CdS has a 

narrow band gap relative to CdSe, the resulting heterostructure exhibits partial carrier 

delocalization into the shell, giving rise to optical properties distinct from those of the core-only 

NCs. 

Given these constraints, several strategies have been developed to overcome large lattice 

mismatches. One of the most effective approaches is the introduction of an intermediate layer 

with a lattice constant between those of the core and outer shell. In the CdSe/ZnS system, this 

concept has led to multi-shell architectures such as CdSe/CdS/ZnS and CdSe/ZnSe/ZnS, which 

display improved emission efficiency and enhanced photostability.62 This idea has since 

evolved into the synthesis of graded shells, where the composition is varied continuously to 

create a smooth potential barrier and a gradual lattice transition. Such strategies have been 

particularly transformative for III-V QDs, where shell growth is essential to suppress the high 

density of surface traps and to realize efficient NIR emission- this is the central topic explored 

in the next chapter. 

Another widely used method to alleviate interfacial strain is the formation of an alloyed 

interface. Prolonged thermal treatment during or after shell growth can promote interdiffusion 

of cations or anions, producing a chemically graded region between the core and shell.63-65 This 

naturally smoothed interface often yields superior optical properties compared to abrupt, 

compositionally pure interfaces attained through deliberate growth of the inter layer. 

Interestingly, lattice mismatch-typically viewed as a challenge-can also give rise to beneficial 

or emergent properties. First, strain at the interface can modify the relative band edges of the 

core and shell, occasionally inducing a transition between different band-alignment regimes. 

For example, slow deposition of ZnSe or ZnS onto CdTe produces heterostructures with large 

mismatches (~14% and 19%, respectively).66 Despite this, high PLQYs are maintained, and 

the emission undergoes a pronounced red-shift. This behavior arises from a strain-driven 

transformation from type-I to type-II alignment (the terms are discussed in detail in next 

section): compressive strain increases the CdTe band gap, while tensile strain slightly narrows 

the ZnSe or ZnS band gap near the interface (Figure 1.4 a). Moreover, the extent of emission 

spectral tuning achieved through shell growth was found to depend strongly on the CdTe core 

size. The most pronounced spectral shifts occur in very small cores-such as 1.8-nm CdTe-which 

can be tuned from the green to the NIR region, accessing wide spectral range. In contrast, larger 
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CdTe cores experience far less compressive strain during epitaxial shelling, resulting in 

emission spectra that are only weakly tunable. The strain-induced tuning ranges for various 

CdTe core sizes are summarized in (Fig. 1.4 b). So, in this case since the CB is more sensitive 

to strain, the electron becomes preferentially localized in the shell, giving rise to emergent 

optical characteristics. 

 

Figure 1.4. (a) Schematic illustration of how lattice strain alters the band alignment in CdTe/ZnSe 

quantum dots as the shell thickness increases. Considering either the strain-free bulk junction (far left) 

or the quantum-confined junction (second from left), one would expect a type-I alignment. However, 

when the CdTe core is very small (<4 nm in diameter), both thin and thick ZnSe shells impose 

substantial compressive strain. Calculations based on model-solid theory combined with a continuum 

elasticity framework indicate that this strain shifts the band edges-most notably the conduction band-

resulting in a transition to a type-II alignment. (b) Strain-dependent spectral tuning ranges for various 

CdTe core sizes, determined from fluorescence emission peaks measured during the growth of 0-5 MLs 

of ZnSe shell (Adapted from reference 66). 

A second intriguing consequence of lattice mismatch is its ability to direct anisotropic shell 

growth. Variations in mismatch across different crystallographic facets can lead to 

facet-dependent reactivity, enabling directional shell deposition. A notable example is the CdS 

shell grown on CdSe cores, as reported by Manna and co-workers (Figure 1.5 a-c).67 

Significantly this method allowed anisotropic CdS growth on CdSe cores yielding rod-like 

core/shell NCs. This behavior has been attributed to the different reactivity and lattice 

mismatch of the various facets of the hexagonal CdSe core. The resulting anisotropic structures 

exhibit linearly polarized, large stokes-shifted emission, with high PLQYs and molar extinction 

coefficients (Figure 1.5 d-g).  

 

a b
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Figure 1.5. (a) Schematic illustration of the seeded-growth strategy used to obtain CdSe@CdS 

dot-in-rod heterostructures, enabled by the facet-dependent lattice mismatch between the CdSe core and 

the CdS shell. (b) TEM images of the resulting heterostructures. (c) TEM image showing the vertically 

oriented assembly of the nanorods. (d) Optical absorption and photoluminescence (PL) spectra of 

nanorods with an average length of 51 nm and diameter of 3.9 nm, synthesized from CdSe seeds with 

a diameter of 3.2 nm. The vertical bars in the ×10 magnified low-energy region of the calculated 

spectrum mark the energies and oscillator strengths of the first excitonic transitions, corresponding to 

hole 1S states of the CdSe core and electron nS states of the CdS rod. (e) Absorption and PL spectra of 

the starting CdSe seeds. (f) Nonresonant Stokes shifts, full width at half-maximum, and PL peak 

energies for a series of CdSe/CdS nanorods prepared from the same batch of CdSe seeds (2.3 nm 

diameter). Outlined markers denote the corresponding values for the starting CdSe cores, while 

crossed-box markers indicate resonant Stokes shifts obtained from PLE measurements at T = 10 K. 

Across the series, the nanorod aspect ratio increases from the smallest to the largest, with diameters 

ranging from 3.5 to 5 nm and lengths from 10 to 130 nm. Straight lines are included as guides to the 

eye. (g) Quantum yields of the same nanorod samples shown in panel (f) (Adapted from reference 67). 

 

1.9. Types of heterostructure QDs 

While lattice matching determines whether a given heterostructure can be formed coherently, 

an equally critical factor shaping its photophysical behavior is the band alignment between the 

core and shell materials. In bulk semiconductor heterojunctions, band alignment primarily 

describes carrier flow across extended interfaces, where each material largely retains its 

intrinsic electronic structure. At the nanoscale, however, this concept takes on a far more 
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influential role. In QDs, the interface is not a peripheral boundary but a central structural feature 

that defines the electronic landscape of the entire particle. Consequently, the classical 

heterojunction categories-type I, type II, and related variants-must be interpreted in a manner 

that differs substantially from their bulk analogues. 

In bulk systems, carriers can spread over large distances, and the interface represents only a 

small perturbation relative to the total material volume. In contrast, in QDs the dimensions of 

the core and shell are comparable to the exciton Bohr radius, meaning the entire electronic 

wavefunction is confined within just a few nanometers. Under such conditions, even modest 

changes in band offsets, interfacial strain, or shell thickness can significantly alter the spatial 

distribution of electrons and holes. Band alignment therefore does not simply influence carrier 

dynamics-it dictates them, directly shaping excitonic behavior, radiative pathways, and the 

emergent optical properties of the heterostructure. For these reasons, classifying 

heterostructure QDs according to their band alignment provides a clear and effective 

framework for understanding their behavior. Just as bulk heterojunctions are grouped based on 

the relative positions of their band edges, core/shell QDs can be categorized into analogous 

types that describe how carriers partition across the interface. The following section introduces 

these categories and outlines how each band-alignment configuration manifests uniquely at the 

nanoscale, building upon the bulk band gap of the constituent materials (as illustrated in Figure 

1.6 a). 

 

Figure 1.6. (a) Electronic energy levels of representative II-VI and III-V semiconductors, shown in 

terms of their valence-band (VB) and conduction-band (CB) offsets (Adapted from reference 68). (b) 

Schematic band alignments for different classes of core/shell heterostructures, illustrating the three 

principal carrier-localization regimes that arise from combining materials with various band offsets. 

The examples shown at the bottom reflect bulk band positions (thick horizontal lines) modified by 

quantum-confinement effects (thin horizontal lines) for arbitrary core and shell dimensions. The spatial 

localization of band-edge electrons and holes is indicated in red and blue, respectively. Dominant 

absorption pathways (solid arrows) and emission pathways (dotted arrows) are also highlighted for each 

heterostructure type (Adapted from reference 25). 
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1.9.1. Type-I: the complete carrier colocalization  

Type-I heterostructures combine two semiconductor materials with significantly different band 

gaps, producing a band alignment in which the conduction and valence bands of one component 

lie deep within the band gap of the other (Figure 1.6 b). This configuration leads to 

colocalization of both charge carriers in the lower-band-gap material. In a core/shell geometry 

where the core possesses the smaller band gap, both electrons and holes are confined to the 

core region, while the wide-band-gap shell acts as an energetic barrier that prevents carriers 

from reaching surface traps. By reducing the probability of carrier trapping, the likelihood of 

radiative recombination increases, thereby enhancing the emission performance of the NCs. 

For this reason, type-I shelling is often described as a form of inorganic passivation, analogous 

to the passivating role played by organic ligands in colloidal QDs, but with far greater structural 

robustness. 

Since type-I heterostructures promote strong electron-hole overlap and suppress nonradiative 

decay, they are ideally suited for light-emission-based applications, including LEDs and lasing. 

QDs are inherently attractive gain media for lasing due to their size-tunable emission, discrete 

energy levels, high oscillator strengths, and the possibility of achieving population inversion at 

relatively low excitation densities69, 70. Their three-dimensional confinement leads to sharp 

absorption features and narrow emission linewidths- as described in the previous section, both 

of which are advantageous for optical gain. Type-I heterostructuring further enhances lasing 

efficiency by improving photostability, increasing radiative rates, and reducing the influence 

of surface-related nonradiative pathways. The strong carrier confinement in the core ensures 

higher PLQY, while the shell stabilizes the exciton against nonradiative traps and 

photobleaching. Together, these effects lower the gain threshold and improve the operational 

stability of QD-based lasers. The most extensively investigated type-I system is CdSe/ZnS, 

which also represents the first reported colloidal core/shell heterostructure.61 In their seminal 

work, Hines and Guyot-Sionnest overcoated 3-nm CdSe NCs with 1-2 MLs of ZnS, achieving 

PLQY of approximately 50%. This demonstration established the foundational principle that 

wide-band-gap shells can dramatically enhance the optical performance of colloidal QDs, and 

it set the stage for the widespread adoption of type-I architectures in emissive technologies. 

A related geometry arises when a wide-band-gap core is overcoated with a narrower-band-gap 

shell, producing an inverted type-I heterostructure. In this configuration, carriers are 

preferentially localized in the shell rather than the core, and the energetic barrier no longer 
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isolates them from surface traps. Although this limits the degree of passivation, inverted type-I 

structure exhibit pronounced red shifts in their optical spectra as the shell grows, making their 

formation readily trackable through spectroscopy. A representative example is the CdS/HgS 

system, where the narrow-band-gap HgS shell dominates the optical response.71, 72 

 

Figure 1.7. (a) Schematic representation of typical QDQWs composed of CdS/HgS/CdS and 

CdTe/HgTe/CdTe structures dispersed in H₂O. The total diameters of the QDQWs are 6.8 nm and 4.7 

nm, respectively. Corresponding band structures are shown below each schematic (adapted from 

reference 73). (b) Radial wave functions of electrons (left) and holes (right) in a CdS/HgS/CdS QDQW 

featuring a 4.7 nm CdS core, a 0.9 nm outer CdS shell, and variable HgS well thickness (adapted from 

reference 74) (c) Left: Optical coupling in CdSe/ZnS/CdSe dual quantum systems, achieved by tuning 

the CdSe shell thickness to shift its absorption onset beyond that of the CdSe core. Right: Band diagrams 

illustrating the evolution of the internal band structure as the CdSe shell thickness increases (adapted 

from reference 75).  

 

The structural versatility of colloidal QDs enables even more sophisticated forms of 

wavefunction engineering. Two notable extensions of inverted type-I and type-I architectures 

are quantum-dot quantum wells (QDQWs) and dual-quantum systems.73-77 Starting from the 

inverted type-I CdS/HgS structure, one can construct a CdS/HgS/CdS QDQW, in which 

carriers are confined to a hollow spherical HgS layer sandwiched between inner and outer CdS 

regions75. The thickness of the HgS well can be precisely tuned, enabling control over the 

confined states and resulting optical transitions (Figure 1.7 a, and b).  

Conversely, building on the CdSe/ZnS type-I platform, a CdSe/ZnS/CdSe dual-quantum 

system can be realized by adding an outer CdSe shell.74 When the ZnS barrier is thin (~1 ML), 

the inner and outer CdSe regions are strongly coupled, producing a single PL peak and 
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effectively behaving as a larger QD with reduced confinement energy. When the ZnS barrier 

reaches 2 or more MLs, coupling is suppressed, and a second emission peak emerges, with its 

energy determined by the thickness of the outer CdSe shell (Figure 1.7 c). These architectures 

exemplify the remarkable degree of control achievable in colloidal heterostructures, where 

band alignment, shell thickness, and spatial geometry can be engineered to tailor carrier 

localization and excitonic behavior with nanometer precision. 

1.9.2. Type-II: the “complete” carrier separation 

Type-II heterostructures arise when the two semiconductor components form a staggered band 

alignment, such that the CB minimum and VB maximum reside in different materials (Figure 

1.6 b). Following optical excitation, this offset drives spatial separation of the electron and 

hole, with the electron localizing in the material possessing the lower CB edge and the hole 

occupying the region with the higher VB edge. This enforced separation is the defining 

characteristic of type-II systems and gives rise to optical properties that differ markedly from 

those of type-I or core-only NCs. 

One immediate spectroscopic consequence is that, although the absorption onset is still 

governed by the narrower-band-gap component, the emission originates from a spatially 

indirect transition. Because the recombining carriers reside in different regions of the 

heterostructure, the transition energy is substantially reduced, producing a large Stokes shift 

that surpasses the intrinsic limitations of conventional QDs. This spatial separation also 

weakens electron-hole overlap, which lowers the oscillator strength and extends the radiative 

lifetime. As a result, type-II QDs typically exhibit reduced PLQY, since even slow nonradiative 

pathways can effectively compete with the weakened radiative channel. 

Beyond these steady-state optical effects, the separation of carriers has profound implications 

for multiexciton interactions and, consequently, for optical gain. In standard core-only or type-I 

NCs, the exciton-exciton interaction is generally attractive, meaning that the presence of one 

exciton shifts the absorption transition to lower energy. Under these conditions, a single exciton 

cannot produce net optical gain: stimulated emission from the CB electron is exactly 

counterbalanced by the reabsorption from the VB electron, resulting in optical transparency 

rather than amplification. 
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Figure 1.8. (a) Absorption spectra of ZnTe/ZnSe core/shell quantum dots (QDs) consisting of 

2.2-nm-radius ZnTe cores coated with ZnSe shells of varying thicknesses: 1.0 (violet), 1.4 (blue), 2.0 

(green), 3.3 (orange), and 5.0 (red) MLs. The black trace corresponds to the bare 2.2-nm-radius ZnTe 

cores prior to shell growth. (b) Corresponding emission spectra of the same ZnTe/ZnSe QDs. The inset 

shows representative samples under UV illumination. (c) Photoluminescence (PL) quantum efficiencies 

(filled circles) and emission full widths at half-maximum (open squares) for ZnTe/ZnSe QDs with 

2.2-nm-radius cores as a function of ZnSe shell thickness (a-c adapted from reference 78). (d) 

Normalized UV−vis spectra and (e) PL spectra (λex = 400 nm) of CdTe cores with a diameter of 2.6 nm 

(labelled a) and CdTe/CdSe core/shell QDs starting from the CdTe cores but with different MLs of CdSe 

shell: one, two, three, and four- labelled as b,c,d, and e. For spectrum f, the CdTe core diameter is 3.0 

nm and the CdSe shell thickness amounts to four MLs. (f) PL QYs and corresponding fwhm's of the 

obtained CdTe/CdSe core/shell QDs with different PL emission wavelengths. The emission wavelength 

of 560 nm corresponds to CdTe core nanocrystals (d-f adapted from reference 79). 

Type-II heterostructures fundamentally alter this balance. When electrons and holes occupy 

different regions of the NC, the coulomb landscape of multiexciton states changes. In a 

biexciton, like-charge carriers (two electrons or two holes) are forced into the same spatial 

c

b e

f

a d



 

 

36 1. Introduction 

domain, which enhances repulsive interactions, while the attractive component between 

opposite charges is diminished because they are separated by the heterointerface. The net effect 

is a positive exciton-exciton interaction energy, often tens to hundreds of meV in magnitude. 

This repulsion shifts the absorbing transition to higher energy, effectively isolating the emission 

transition within an absorption-free spectral window. If this shift exceeds the emission 

linewidth, optical gain can be achieved with only a single exciton, eliminating the need for 

multiexciton population and avoiding the detrimental influence of non-radiative Auger 

recombination. This mechanism-often referred to as giant exciton-exciton repulsion, and is one 

of the most significant advantages of type-II band alignment, thus giving potential for lasing 

applications.  

These properties have motivated extensive investigation of type-II systems such as CdS/ZnSe, 

ZnTe/ZnSe78 (Figure 1.8 a-c) and CdTe/CdSe79 (Figure 1.8 d-f), where electrons and holes are 

deliberately confined to different regions of the nanostructure. The large spatial separation in 

these heterostructures leads to dramatically prolonged exciton lifetimes due to reduced carrier 

wavefunction overlap-as defined above. For instance, in CdTe/CdSe QDs, single-exciton 

lifetimes can reach ~150 ns and biexciton Auger lifetimes ~2 ns with thick shells. Such 

extended lifetimes, combined with strong exciton-exciton repulsion, make these systems 

distinguished from the other heterostructure types.79 

1.9.3. Quasi-Type-II: the partial carrier separation 

Quasi-type-II heterostructures represent an intermediate regime between the complete carrier 

colocalization characteristic of type-I systems and the full spatial separation observed in type-II 

architectures. In these structures, the band alignment is such that either the CBs or the VBs of 

the two semiconductors are nearly aligned, while the other pair of bands remains significantly 

offset. As a result, one carrier species becomes strongly confined in one component, whereas 

the other carrier experiences only a shallow potential barrier and can partially delocalize across 

the heterostructure. This partial separation of the electron and hole wavefunctions gives rise to 

properties that are distinct from both type-I and type-II systems. 

The degree of delocalization determines how strongly the spectroscopic signatures deviate 

from those of the parent materials. In cases where the delocalized carrier spreads only modestly 

into the second component, the resulting changes in absorption and emission spectra may be 

subtle. However, when delocalization becomes extensive-as in the case of giant CdSe/CdS 

core/shell QDs-one of the most thoroughly studied quasi-type-II systems-the optical response 



 

 

37 1. Introduction 

can be dramatically altered. These structures are known for exhibiting exceptionally large 

apparent Stokes shifts, a feature that is central to many of their technological advantages. 

A key motivation for engineering quasi-type-II band alignment arises from the limitations of 

single-component QDs. In conventional QDs, the excitonic absorption and emission energies 

lie close to one another. Consequently, photons emitted by one NC can be readily reabsorbed 

by neighboring NCs, leading to significant reabsorption losses. This effect becomes 

particularly detrimental in applications requiring long-distance photon transport or high optical 

densities, such as luminescent solar concentrators (LSCs). Increasing the concentration of 

emissive material does not solve the problem, because higher densities only worsen 

reabsorption. 

Quasi-type-II heterostructures offer a powerful solution here as the absorption is dominated by 

one component of the heterostructure and the emission originates from the other, the resulting 

energetic separation between absorption and PL effectively suppresses reabsorption. In 

CdSe/CdS giant QDs, this effect is especially pronounced. The small CB offset between CdSe 

and CdS allows the electron wavefunction to extend throughout the entire NC, while the large 

VB offset confines the hole to the CdSe core80. Because the CdS shell is typically much thicker 

than the core-often order of magnitude in volume-it dominates the absorption cross-section 

(Figure 1.9 b). Yet, following ultrafast hole transfer from the shell to the core, radiative 

recombination occurs from core-localized excitons (Figure 1.9 a). This combination of 

shell-dominated absorption and core-localized emission produces a very large apparent Stokes 

shift, often exceeding 0.4-0.5 eV. In practical terms, the resulting Stokes shift can approach the 

intrinsic band-gap difference between bulk CdS and CdSe (~0.67 eV), making these 

heterostructures exceptionally resistant to reabsorption losses, as depicted in light propagation 

measurement shown in Figure 1.9 c. This property has been exploited to great extend in LSCs, 

where CdSe/CdS giant QDs have demonstrated markedly improved photon-collection 

efficiencies compared to type-I or core-only CdSe QDs. 

Beyond their optical advantages, thick-shell quasi-type-II QDs also exhibit suppressed Auger 

recombination, originating as a consequence of the reduced electron-hole overlap and the 

spatial redistribution of carriers. Lower Auger rates enhance the radiative efficiency of charged 

excitons and reduce the likelihood of Auger-induced ionization events that can trigger 

photochemical degradation. Similar benefits are observed in related anisotropic 

heterostructures such as dot-in-rod and rod-in-rod architectures, where extended carrier 
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separation further diminishes nonradiative decay pathways. Overall, quasi-type-II 

heterostructures-exemplified by CdSe/CdS giant QDs-demonstrate how careful band-structure 

engineering can be used to tailor absorption, PL, and carrier dynamics in ways that overcome 

fundamental limitations of conventional QDs. Their combination of large Stokes shifts, 

reduced reabsorption, and improved photostability makes them highly attractive for a wide 

range of photonic and energy-conversion applications. 

 

Figure 1.9. (a) Schematic band diagram of CdSe/CdS quantum dots with core radius 𝑅and shell 

thickness 𝐻. The diagram illustrates the ultrafast transfer of photogenerated holes from the CdS shell 

to the CdSe core (grey arrow) following photon absorption in the shell (black arrow). Radiative 

recombination of the resulting core-localized exciton is indicated by the red arrow. (b) Absorption (grey 

shading) and photoluminescence (unshaded) spectra of CdSe/CdS QDs dispersed in hexane (solid lines) 

and embedded in PMMA (dashed lines), shown for increasing shell thickness 𝐻(0, 0.6, 1.5, 2.7, and 4.2 

nm from bottom to top). The corresponding CdS shell thicknesses, expressed in MLs, are labeled next 

to each spectrum (c) Spectrally integrated PL intensity as a function of the excitation-edge distance,d, 

for CdSe(1.5nm)/CdS(4.2nm) -PMMA composites (circles), shown in comparison with the intensity of 

scattered 835 nm light (triangles). Because 835 nm radiation is not absorbed by the QDs, its attenuation 

reflects only scattering and photon-escape losses. The identical d-dependence of the PL and 

scattered-light signals confirms that reabsorption losses within the QD material are negligible. PL 

intensities corrected for scattering (squares) remain essentially constant with d. (adapted from reference 

80). 
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1.10. Confinement-driven tunability of band alignment in heterostructures 

In the previous sections, heterostructured QDs were classified according to the relative 

alignment of the band edges of their constituent materials and the resulting patterns of carrier 

confinement or delocalization. An obvious question that follows is whether the heterostructure 

type can be predicted solely from the bulk band gaps of the core and shell semiconductors. In 

practice, the answer is no. Just as quantum confinement profoundly reshapes the electronic 

structure of single-component NCs, it also plays a decisive-and often dominant role in 

determining the band alignment and carrier localization in core/shell systems. Since the 

confinement energies depend on the dimensions of each domain, the effective band offsets in 

a heterostructure can evolve as the relative sizes of the core and shell change. This means that 

a single pair of materials can support multiple heterostructure regimes-type-I, type-II, or 

inverted type-I-depending solely on the thickness of the shell or the radius of the core.81-83 Such 

tunability has no analogue in bulk heterojunctions, where band alignment is fixed by intrinsic 

material properties. 

A clear illustration of this size-dependent behavior is provided by the ZnSe/CdSe core/shell 

system during shell growth.81 When the CdSe shell is extremely thin (typically <1 nm), the 

strong quantum confinement in the shell region widens its effective band gap beyond that of 

the ZnSe core (Figure 1.10 a). Under these conditions, both electrons and holes remain 

localized in the ZnSe core, despite the fact that the bulk ZnSe/CdSe alignment corresponds to 

an inverted type-I configuration. Spectroscopically, these thin-shell NCs exhibit a well-defined 

band-edge excitonic absorption feature characteristic of a ZnSe-dominated transition (Figure 

1.10 c). As the CdSe shell becomes thicker (>1.6 nm), confinement effects weaken and the 

CdSe band gap narrows below that of the ZnSe core. The localization pattern reverses: both 

carriers now reside in the CdSe shell, consistent with an inverted type-I regime. The absorption 

spectrum again displays a clear excitonic feature, but shifted to lower energies, reflecting the 

dominance of the CdSe shell in determining the optical response (Figure 1.10 b). Between these 

two limits lies a narrow but well-defined intermediate regime (approximately 1.1-1.5 nm shell 

thickness) in which the carrier localization adopts characteristics of a type-II heterostructure. 

In this thickness range, the electron wavefunction becomes substantially delocalized into the 

CdSe shell, while the hole remains confined to the ZnSe core. The absorption spectrum 

correspondingly loses its sharp band-edge excitonic peak and instead develops a more gradual 

onset with tailing toward lower energies-an optical signature often associated with spatially 

indirect transitions. The evolution of carrier localization in this system has been quantitatively 
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analyzed using a two-band effective mass model, which tracks the spatial distribution of the 

electron and hole ground-state wavefunctions as the shell grows. For a ZnSe core of radius 

~1.5 nm, the model reveals a continuous progression from core-confined carriers (thin shell), 

to spatially separated carriers (intermediate shell), and to shell-confined carriers (thick shell).  

 

Figure 1.10. (a) Evolution of carrier localization in ZnSe/CdSe QDs with a 1.5 nm ZnSe core, modeled 

using an effective mass approach. As the CdSe shell grows, shifts in the shell band-edge states modify 

the spatial distribution of the electron (red) and hole (green) wave functions. For a thin shell (0.5 nm, 

left), both carriers remain confined within the core, characteristic of a type-I structure. At an 

intermediate shell thickness (1.3 nm, middle), the electron relocates into the shell while the hole stays 

core-localized, producing a type-II configuration. With a thick shell (1.9 nm, right), the hole also 

migrates into the shell, giving rise to an inverted type-I regime. (b) Time-dependent evolution of the PL 

peak energy during CdSe shell growth, illustrating the formation of type-II (solid circles) and type-I 

(open squares) structures. The ZnSe core radius is approximately 1.5 nm. The two trends correspond to 

different Cd:Se precursor ratios relative to the ZnSe cores. (c) Absorption spectra for samples 

representative of the three localization regimes shown in (a): type-I (lavender), type-II (green), and 

inverted type-I (red) (Adapted from reference 81).  

This example underscores the central role of quantum confinement in dictating the electronic 

structure of nanoscale heterostructures and highlights the unique tunability that emerges when 

band alignment is no longer a fixed material property but a size-dependent parameter. 
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1.11. Concluding remarks 

Taken together, this chapter has provided a foundational overview of semiconductor QDs, 

tracing their evolution from early observation and theoretical predictions to the sophisticated 

nanomaterials that define the field today. Over the past decades, research on QDs has 

undergone remarkable expansion: from uncovering the fundamental physics that emerge at the 

nanoscale, to developing increasingly precise synthetic routes capable of controlling 

composition, size, shape, and surface chemistry with atomic-level accuracy. These advances 

have not only deepened our understanding of their rich photophysical behavior but have also 

enabled deliberate manipulation of carrier wavefunctions through structural design. A central 

theme of this chapter has been the introduction of heterostructuring strategies as a powerful 

means of engineering electronic structure in colloidal NCs. By using II-VI semiconductor 

systems as prototypical examples, we established how band alignment, quantum confinement, 

and spatially selective growth can be combined to tailor carrier localization and excitonic 

properties. This framework forms the conceptual basis for wavefunction engineering, a 

recurring motif that underpins much of the contemporary progress in QD science. 

These principles now provide the foundation upon which the subsequent chapters are built. The 

next two work chapters extend this discussion beyond the well-studied II-VI domain, 

examining both the opportunities and the intrinsic challenges that arise when heterostructuring 

is applied to other classes of QDs. Through these case studies, the thesis explores how far the 

concepts introduced here can be generalized, adapted, or re-imagined across different material 

platforms, ultimately highlighting the versatility-and the limits-of heterostructure-based 

control in colloidal NCs.   
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2.1. Preface 

The development of colloidal semiconductor NCs has been strongly accelerated by the ability 

to engineer core@shell heterostructures. Among the broad classes of QD materials, II-VI, and 

IV-VI semiconductors such as CdSe, CdS, and PbS have long served as the archetype for 

successful core@shell engineering as it was discussed in chapter 1. These materials routinely 

achieve thick, defect-free shells with high PLQYs and well-controlled optical properties. By 

contrast, III-V NCs, including InP, InAs, and GaAs, have only recently begun to achieve 

comparable optical performance-and still face substantial challenges in shell growth, interface 

quality, and structural integrity. The reasons for this difference are deeply rooted in the bonding 

character, mechanical response, and surface chemistry of the different material families. 

A primary factor distinguishing III-V from II-VI and IV-VI core@shell growth is the degree of 

ionicity vs. covalency in their chemical bonding. II-VI, and IV-VI materials possess a 

significant ionic component arising from the large electronegativity difference between the 

Group II/ Group IV cations (Zn, Cd, Pb, Sn) and Group VI anions (S, Se, Te)1-3. This partial 

ionicity makes the bonding network more isotropic and deformation-tolerant, allowing the 

crystal lattice to accommodate misfit strain through modest distortions in bond lengths and 

angles without catastrophic defect formation. Consequently, these systems, especially the 

highly ionic II-VI systems tolerate a relatively wide range of lattice mismatch during 

heteroepitaxial shell growth, enabling robust architectures such as thick CdS shells on CdSe 

cores (“giant” QDs) or multi-shell CdSe/CdS/ZnS structures4-9. In contrast, bonding in III-V 

materials is highly covalent and thus strongly directional, dominated by sp3 hybridization and 

p-p orbital overlap. Covalent lattices are intrinsically more rigid: they accommodate only 

limited bond-angle or bond-length distortion before significant amounts of elastic energy 

accumulate. Even modest lattice mismatch between a III-V core and its shell material can 

therefore induce high strain energy densities, triggering the formation of dislocations, defects, 

and deep trap states at the core@shell interface. This increased strain sensitivity fundamentally 

restricts the allowable shell thickness and often prevents the coherent growth of a uniform shell 

beyond a few MLs unless strain is relieved by more sophisticated strategies such as graded 

alloy shells or intermediate buffer layers. 

Beyond mechanical rigidity, the surface chemistry of III-V materials introduces additional 

complexity. Surfaces of III-V NCs undergo pronounced reconstruction and are highly sensitive 

to stoichiometry, with dangling bonds, anion-rich or cation-rich terminations, and surface 
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vacancies readily forming deep trap states10-14. Shell precursors must therefore react with 

precisely the right surface composition and coordination environment to create a clean, 

coherent interface15. Any deviation during shell growth-even slight-can result in defects that 

act as nonradiative recombination centers. In contrast, II-VI surfaces possess more flexible 

ionic coordination environments and exhibit a broader kinetic window for forming stable, 

passivated interfaces. 

These intrinsic material differences are compounded by synthetic limitations. In II-VI systems, 

cation-anion interdiffusion during shell growth can create a naturally alloyed or gradient 

interface that softens the lattice mismatch and relaxes strain (as introduced in chapter 1)16-18. 

III-V materials, however, exhibit far less interdiffusion under typical colloidal conditions; their 

interfaces remain abrupt, forcing all lattice mismatch to be accommodated locally. As a result, 

strategies that work well for II-VI QDs-such as the straightforward deposition of a wide-

bandgap shell-often fail in III-V systems, where careful control of precursor chemistry, shell 

stoichiometry, and interface grading becomes essential. 

Together, these factors explain why core@shell heterostructuring in III-V NCs remain 

substantially more challenging than in II-VI materials. The combination of directional covalent 

bonding, high strain sensitivity, surface-stoichiometric instability, and limited interfacial 

tolerance makes III-V QDs particularly prone to defect formation during shell growth. 

Overcoming these challenges requires advanced synthetic design-ranging from intermediate 

and graded shells to tailored ligand chemistry and atomic-layer-like shell deposition-to achieve 

the level of passivation and structural coherence that II-VI QDs attain more naturally. 

Understanding these fundamental barriers is essential for developing high-optical-quality, 

stable III-V QDs suited for applications in displays, lighting, photodetectors, and quantum 

technologies. 

Among III-V colloidal QDs, InAs has emerged as one of the most investigated and 

technologically relevant materials due to its unique combination of scalability, versatility, and 

optoelectronic performance. InAs QDs can absorb and emit across the infrared (IR) region, 

making them highly attractive building blocks for emerging applications such as solar 

concentrators, IR LEDs, lasers, and sensors, with uses spanning security authentication, crop 

monitoring, light fidelity, surveillance, automotive systems, night/cloud vision, object 

inspection, and optical communications19-22. Their relevance extends further into biomedicine, 
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where the semitransparency of biological tissues and blood in specific IR windows enables in 

vivo bioimaging, biosensing, and photodynamic therapy.23, 24 

One of the primary challenges in advancing InAs QDs lies in optimizing their PL-both in terms 

of efficiency and in suppressing non-radiative Auger recombination. Achieving high PLQY 

while minimizing Auger processes is essential for applications that demand strong, stable 

emission, including infrared LEDs, lasers, single-photon sources, and biomedical imaging or 

sensing, where brightness and signal reliability are critical25, 26. 

The most established approach to address these limitations involves encapsulating InAs cores 

within wide-bandgap shells to form heterostructures. Among the shell materials investigated, 

zinc selenide (ZnSe) has received considerable attention27, 28. However, its significant lattice 

mismatch with InAs requires the introduction of a buffer layer to enable epitaxial shell growth. 

This chapter therefore focuses on functional heterostructures comprising InAs cores with 

epitaxially grown ZnSe shells. The discussion is organized into two parts: the first examines 

core@multi-shell heterostructures, while the second explores the comparatively simpler 

core@shell architectures. 

In the first part, we investigate the photophysics of InAs-based core@shell@shell 

heterostructures synthesized using a novel precursor combination introduced in this work. 

Particular emphasis is placed on exciton dynamics and the influence of non-radiative Auger 

recombination on PL efficiency. The second part highlights the rationale behind the recently 

achieved direct epitaxial growth of ZnSe shells on InAs NCs synthesized with an amino-As 

precursor in the presence of ZnCl2 salt. Remarkably, these relatively simple core@shell 

heterostructures exhibit record PLQY values of ~70%, surpassing even the best-performing 

multishell systems. This figure ranks among the highest reported for this class of materials. 

Optical spectroscopic studies, complemented by structural and computational analyses, 

provide insights into the mechanisms responsible for their exceptional optical performance. 
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2.2. InAs-based core@multishell heterostructure 

2.2.1 Introduction 

As outlined the preface, heterostructuring of InAs QDs represents a critical frontier in the 

development of III-V semiconductor NCs for IR optoelectronics. While this class of materials 

are uniquely suited for emission across technologically important IR windows29-32, their 

practical deployment is hindered by two persistent challenges: low PLQY and strong non-

radiative Auger recombination. These limitations are particularly detrimental under continuous 

excitation or electrical injection, where QD charging can destabilize emission. Overcoming 

these limitations is therefore essential for enabling InAs QDs to serve as reliable emitters in IR 

LEDs, lasers, single-photon sources, and biomedical imaging platforms. 

Encapsulation of InAs cores within wide-bandgap shells has emerged as the most effective 

strategy to enhance PLQY24, 27, 28, 33-39. However, the choice of shell materials is restricted: 

cadmium-based chalcogenides are excluded due to toxicity, leaving ZnSe and ZnS as the 

primary candidates27, 28. Their substantial lattice mismatch with InAs (InAs = 6.06 Å, ZnSe = 

5.67 Å, ZnS = 5.41 Å) introduces strain and interfacial defects, limiting PLQYs to values as 

low as ~13%. To mitigate these issues, indium phosphide (InP) has been proposed as an 

intermediate layer, forming InAs@InP@ZnSe heterostructures28, 36, 40-44. InP offers both 

structural and electronic advantages: its lattice constant (5.87 Å) reduces mismatch-induced 

strain, while its bandgap (1.34 eV) provides a graded confinement potential between the InAs 

core (0.35 eV) and ZnSe shell (2.70 eV). This smoother energy landscape is expected to 

suppress Auger recombination while maintaining efficient exciton confinement. 

Although promising, InAs@InP-based heterostructures remain insufficiently understood. 

Reported PLQY values vary widely-from 23% in complex graded InAs@InP@GaP@ZnSe 

multi-shell systems45 to 76% in InAs@InP@ZnSe architectures36, 37-and absorption redshifts 

upon InP shell growth have been interpreted as evidence of quasi type-II band alignment. Yet, 

the precise nature of the band alignment remains unresolved, with conflicting interpretations 

of electron and hole localization. Atomistic calculations further suggest that hole delocalization 

may depend on specific crystal facets, adding further complexity to the picture. 

This work therefore undertakes a detailed photophysical study of InAs heterostructures, 

focusing on two central questions: 
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1. Band Alignment- What is the actual band alignment between InAs and InP in 

core@shell QDs, and how does it evolve with shell thickness? While absorption 

redshifts suggest charge separation, PL lifetime measurements remain inconsistent, and 

systematic studies across thicknesses and temperatures are lacking. 

2. Auger Recombination - Does the introduction of InP, followed by ZnSe, effectively 

suppress Auger recombination, enabling InAs@InP-based heterostructures to function 

as optimal IR emitters? 

To address these questions, we present a systematic optical and structural investigation of 

InAs@InP heterostructures with tunable shell thicknesses (~3-8 monolayers (ML)). Crucially, 

the synthesis employs safe, cost-effective, and environmentally friendly precursors-

tris(dimethylamino)-arsine and tris(diethylamino)-phosphine-marking a departure from the 

hazardous, pyrophoric reagents traditionally used. This approach not only advances the 

fundamental understanding of exciton dynamics and recombination processes in InAs@InP 

QDs but also establishes a sustainable pathway for their scalable synthesis. 

2.2.2 Sample synthesis 

Precursor preparation: All samples used in this project were synthesized by Prof. Liberato 

Manna group at the Nanochemistry department of IIT, Genoa. Through this work, a colloidal 

synthesis strategy was achieved for InAs@InP QDs featuring a fixed core size and a tunable 

shell thickness in the range of approximately 3 to 8 MLs. This represents the first demonstration 

of such heterostructures synthesized using safe, cost-effective, and environmentally benign 

arsenic and phosphorus precursors, namely tris(dimethylamino)arsine (amino-As) and 

tris(diethylamino)phosphine (amino-P). This methodology stands in clear contrast to the 

conventional reliance on pyrophoric, expensive, and hazardous tris(trimethylsilyl)arsine 

(TMS-As) and tris(trimethylsilyl)phosphine (TMS-P), which have been employed in all 

previously reported InAs@InP core@shell QD syntheses. The synthesis of precursors was 

carried out under inert conditions inside a nitrogen-filled glovebox. For the arsenic precursor, 

0.2 mmol of amino-As (37 μL) was mixed with 0.5 mL of degassed oleylamine (OLAM) at 40 

°C for 5 minutes until bubbling ceased. The indium precursor was prepared by dissolving 2 

mmol of InCl₃ in 10 mL of OLAM in a 20 mL glass vial, heating the mixture to 250 °C under 

stirring for 30 minutes, and cooling it to room temperature. Similarly, the zinc precursor was 

obtained by dissolving 6 mmol of ZnCl₂ in 7.5 mL of OLAM at 250 °C for 30 minutes under 

constant stirring; since ZnCl₂ precipitates at room temperature, the solution was reheated to 
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150 °C before use. For the selenium precursor, 20 mmol of Se powder was mixed with 10 mL 

of trioctylphosphine (TOP) and heated to 250 °C under stirring for 30 minutes, yielding a clear 

solution that was cooled to room temperature. 

InAs core synthesis: InAs QDs were synthesized following previously reported method.34, 46, 

47 0.2 mmol of InCl₃, 2 mmol of ZnCl₂, and 5 mL of OLAM were loaded into a 100 mL three-

necked flask under nitrogen. The mixture was degassed at 120 °C under vacuum for 1.5 hours, 

then heated to 240 °C. At this point, the amino-As precursor was injected, immediately 

followed by 1.2 mL of a 0.5 m solution of alane N,Ndimethylethylamine complex solution 

(DMEA-AlH₃) in toluene. The reaction was maintained for 20 minutes before quenching by 

removing the heating mantle and allowing the mixture to cool naturally. The resulting InAs 

QDs consistently exhibited an excitonic absorption peak near 760 nm, confirming uniform size. 

Purification was achieved by ethanol-induced precipitation and centrifugation at 4000 rpm, 

followed by redispersion in toluene and repeated precipitation cycles, all performed under 

nitrogen. 

InAs@InP synthesis: For the synthesis of InAs@InP core@shell QDs, the InAs reaction 

mixture was cooled to 140 °C, after which InCl₃-OLAM precursor (3-6 mL) and amino-P 

precursor (1.2-2.4 mmol) were injected. The mixture was heated to 180 °C for 60 minutes to 

promote InP shell growth, then cooled to room temperature to quench the reaction. This cycle 

was repeated up to five times to achieve shell thicknesses ranging from 3 to 8 MLs (Table 2.1). 

The resulting core@shell QDs were purified by ethanol precipitation and centrifugation, 

followed by redispersion in toluene and repeated purification steps, ensuring clean dispersions 

suitable for characterization. To characterize photophysics of these core@shell QDs, the 

obtained InAs@InP were treated with benzoyl fluoride following reported procedure 48, 49 and 

it was carried out entirely under an inert nitrogen atmosphere at room temperature. For the 

procedure, either 3.5 mg of InAs@(1+2ML)InP QDs or 8.5 mg of InAs@(3+5ML)InP QDs 

were dispersed in 6 mL of mesitylene. To this dispersion, 210 μL of a ZnCl₂–TBP solution 

(0.64 M, prepared by dissolving 18.3 mg of ZnCl₂ in 210 μL of tributylphosphine (TBP) for 60 

minutes at room temperature) was added, together with a mixture of 110 μL of octylamine and 

940 μL of mesitylene. Subsequently, an additional mixture consisting of 72 μL of octylamine 

and 978 μL of mesitylene was introduced dropwise. The treatment was allowed to proceed for 

20 minutes, after which the products were purified by adding 40 mL of ethanol and centrifuging 

at 6000 rpm for 10 minutes. The resulting precipitate was collected, redispersed in toluene, and 

stored under nitrogen in the glovebox for further characterization. 
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Samples 1st cycle  2nd cycle 3rd cycle 4th cycle 5th cycle 

 
Amino-

P 

InCl3-

OLAM  

Amino-

P 

InCl3-

OLAM  

Amino-

P 

InCl3-

OLAM  

Amino-

P 

InCl3-

OLAM  

Amino-

P 

InCl3-

OLAM  

InAs@ 

(1+2ML)InP  

2.4 

mmol 
3 mL         

InAs@ 

(2+4ML)InP  

2.4 

mmol 
6 mL 

1.2 

mmol 
/ 

1.2 

mmol 
/     

InAs@ 

(3+5ML)InP  

2.4 

mmol 
6 mL 

1.2 

mmol 
/ 

1.2 

mmol 
/ 

1.2 

mmol 
3 mL 

1.2 

mmol 
/ 

Table 2.1. Amounts of amino-P and InCl3-OLAM (0.2M) precursors employed in the different 

injections in order to produce InAs@InP with the shell thickness tunable from 1.5 to 4ML. 50 

 

InAs@InP@ZnSe synthesis: The InAs@InP@ZnSe core@shell@shell QDs were obtained 

by cooling the InP-shelled NCs reaction mixture to 90°C, then injecting 7.5 mL of ZnCl₂-

OLAM precursor together with a mixture of 4 mL of TOP-Se and 3 mL of TOP (the shell 

thickness was optimized with respect to the precursor amount as described below). The solution 

was heated to 340℃ and maintained for the desired reaction time, typically 40 minutes for 

InAs@(1+2ML)InP@ZnSe and 90 minutes for nAs@(3+5ML)InP@ZnSe (as discussed in the 

optimization step below). The reaction was quenched by cooling to room temperature, and the 

crude product was purified by ethanol precipitation and centrifugation at 2000 rpm, followed 

by redispersion in toluene and repeated purification cycles. The final InAs@InP@ZnSe QDs 

were obtained as clean dispersions in toluene, ready for further characterization. 

To optimize the ZnSe shell growth on InAs@InP QDs, a systematic protocol was employed to 

achieve high PLQY and tunable shell thickness. Using InAs@(1+2ML)InP QDs as the starting 

core material, the reaction mixture was cooled to 90 °C after InP shell growth, and controlled 

amounts of ZnCl₂-OLAM (0.8 M) and TOP-Se (2 M) precursors, together with 3 mL of TOP, 

were injected (Table 2.2). The solution was then heated to 340 °C and monitored for up to 120 

minutes, with aliquots taken at different times to evaluate optical properties and elemental 

composition (Figure 2.1 a, b, c). The resulting QDs were purified by precipitation with ethanol 

and redispersion in toluene. The experiments revealed that optimal ZnSe shell growth occurred 

when maintaining a Zn:Se:As ratio of 40:40:1, which produced a shell thickness of 6 MLs and 

yielded PLQY values as high as 50-60%. The same procedure was extended to 

InAs@(3+5ML)InP core@shell QDs (Figure 2.2 a, b, c), where optimization indicated that the 

best PLQY (50% ± 5%) was achieved at a thinner ZnSe shell of 4 MLs. Further these 

heterostructures were tested for their stability in inert atmosphere as well as on exposure to air 

by following their PLQY for upto 14 days (Figure 2.1 d, e and Figure 2.2 c, d) 
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Figure 2.1. a) Zn/As molar ratios and b) PLQY values of InAs@(1+2ML)InP@ZnSe 

core@shell@shell QD samples as a function of the ZnSe shell growth time. The different curves 

correspond to various Zn:Se:As feed ratios. The red arrow in panel (b) indicates the sample with the 

highest PLQY, which is used for further photophysical characterization. c) Absorption and PL spectra 

of InAs@(1+2ML)InP@ZnSe core@shell@shell QD samples obtained at different ZnSe shell reaction 

times when employing the optimal Zn:Se:As = 40:40:1 feed ratio showing progressive blue shift in the 

band edge excitonic features. Variation of the PL intensity as a function of the 

InAs@(1+2ML)InP@(6ML)ZnSe QDs’ exposure to (d) N₂ or (e) air over a period of up to 14 days. 50 

 

Samples ZnCl2-OLAM 

(mL) 

TOP-Se (mL) TOP (mL) 

Zn:Se:As=10:10:1 0 1 3 

Zn:Se:As=20:20:1 2.5 2 3 

Zn:Se:As=20:40:1 2.5 4 3 

Zn:Se:As=40:40:1 7.5 4 3 

 

Table 2.2. The reaction parameters, namely the amount of ZnCl2-OLAM (0.8 M) and TOP-Se (2 M) 

precursor solutions, employed to prepare InAs@(1+2ML)InP@ZnSe QDs. 50 
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Figure 2.2. a) Absorption and PL spectra and b) PLQY values of InAs@(3+5ML)InP@ZnSe 

core@shell@shell QD samples obtained at different ZnSe shell reaction times when employing the 

optimal Zn:Se:As = 40:40:1 feed ratio. The red arrow in panel (b) indicates the sample with the highest 

PLQY, which is used for further photophysical characterization. Variation of the PL intensity as a 

function of the InAs@(3+5ML)InP@(4ML)ZnSe QDs’ exposure to (c) N₂ or (d) air over a period of up 

to 14 days. 50 

 

 

2.2.3. Structural characterization 

Estimation of shell thickness: The shell thickness was estimated using a structural model by 

Prof. Ivan Infante group from Basque Center for Materials, Applications, and Nanostructures, 

Spain.  To get a complete description of the model and the experimental ICP-OES results, 

readers are directed to the full article.50 Briefly, the model (Figure 2.3) consisted of a 2.4 nm 

tetrahedral InAs core surrounded by an InP shell of variable thickness. Atomic ratios predicted 

by this model were correlated with those obtained from elemental analyses performed by 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The growth of InP on 

InAs was found to proceed initially in an isotropic manner, followed by preferential extension 

along the ⟨–1–1–1⟩ crystallographic directions. Accordingly, the samples are designated as 

InAs@(x+yML)InP, where x denotes the number of InP MLs grown isotropically on the core, 
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and y represents the additional MLs deposited preferentially along the ⟨–1–1–1⟩ directions after 

the isotropic stage. 

As in the case of InAs@InP, the ZnSe shell thickness was estimated using a structural model 

comprising a 2.4 nm tetrahedral InAs core surrounded by either a (1+2ML) or (3+5ML) InP 

shell, with the ZnSe layer treated as a variable parameter. The atomic ratios predicted by this 

model were compared with those obtained from ICP elemental analyses, enabling the 

determination of optimized ZnSe shell thicknesses. For the InAs@(1+2ML)InP and 

InAs@(3+5ML)InP QD samples, the ZnSe shells were found to correspond to 6 and 4 MLs, 

respectively. 

 

 

Figure 2.3. Growth mechanism of InAs@InP and InAs@InP@ZnSe. Model 1, 2, 3, 4, 2.1, and 4.1 

represent InAs, InAs@(1+2ML)InP, InAs@(2+4ML)InP, InAs@(3+5ML) InP, 

InAs@(1+2ML)InP@(6ML)ZnSe and InAs@(3+5ML)InP@(4ML)ZnSe, respectively. 50  

 

TEM imaging: Transmission electron microscopic imaging and analysis were carried out by 

Prof. G. Divitini’s group from the Electron Spectroscopy and Nanoscopy division of IIT 

Genova. The analysis revealed a progressive increase in particle size, from 2.6 ± 0.2 nm for the 

InAs core to 3.7 ± 0.3 nm for InAs@(1+2ML)InP, 4.8 ± 0.3 nm for InAs@(2+4ML)InP, and 

5.9 ± 0.5 nm for InAs@(3+5ML)InP (Figure 2.4). Importantly, no secondary population of 
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smaller NCs was detected, confirming that homogeneous nucleation of InP was effectively 

suppressed under the applied conditions. 

 

Figure 2.4. TEM images of InAs (a) and InAs@InP QD samples with variable InP shell thickness: (b) 

InAs@(1+2ML)InP, (c) InAs@(2+4ML)InP and (d) InAs@(3+5ML)InP. 50 

 

As the InP shell thickness increased, the QDs underwent a distinct shape evolution toward 

tetrapod-like structures, particularly evident for InAs@(2+4ML)InP and InAs@(3+5ML)InP 

(Figure 2.5 c, d). This transformation suggests a specific growth mechanism as it was 

incorporated into our DFT modelling: the tetrahedral InAs cores were initially encapsulated 

isotropically, with no significant differences in growth kinetics among the InP facets (as 

depicted in Figure 2.5a). At later stages, however, the (–1–1–1) facets grew preferentially 

compared to the (100) and (111) facets, driving the development of the tetrapod morphology. 

High-resolution STEM imaging confirmed this preferential growth along the ⟨–1–1–1⟩ 

directions (Figure 2.5 b-d), while compositional analysis by STEM-EDX (Figure 2.5e) clearly 

revealed the core@shell architecture. Further the TEM analysis of the core@shell@shell QDs 

revealed a pronounced increase in particle dimensions, with the size of InAs@(1+2ML)InP 

QDs growing from 3.7 ± 0.3 nm to 8.5 ± 0.7 nm, while InAs@(3+5ML)InP QDs expanded 

from 5.9 ± 0.5 nm to 7.6 ± 0.7 nm (Figure 2.6).  
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Figure 2.5. (a) Structural models of InAs and InAs@InP QDs with variable InP shell thickness. The 

〈-1-1-1〉 crystallographic directions, along which InP shell preferentially grows, are indicated by arrows. 

The grey and dark magenta spheres represent As and P atoms, respectively. Blue and green spheres 

represent In atoms in the InAs and InP domains, respectively. (b-d) HR-STEM-HAADF images of 

InAs@InP QDs with shell thickness increasing from (b) 1+2 MLs, to (c) 2+4 MLs and (d) 3+5 MLs. In 

all the images, the QDs are observed along the [211] zone axis, and scale bars are 5 nm. The insets show 

the models projected along the [211] zone axis, aligned as the corresponding HR-STEM images. (e) 

STEM-EDX elemental maps of a tetrapod-shaped InAs@(3+5ML)InP QD. 50 

 

Figure 2.6. TEM images of (a) InAs@(1+2ML)InP@(6ML)ZnSe and (c) 

InAs@(3+5ML)InP@(4ML)ZnSe QDs. (b, e) HR-STEM images of individual QDs oriented along the 

[211] zone axis, with aligned InAs@InP cores models in the inset.50  
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2.2.4. Photophysics  

Instrumentation details: The absorption spectra of NCs dispersed in toluene were recorded 

using a Cary 50 UV–vis spectrophotometer, and steady-state PL and PLQY measurements were 

carried out on an Edinburgh FLS920 fluorescence spectrometer equipped with an integrating 

sphere. Samples were excited at 750 nm using the output of a continuous xenon lamp, and all 

QD solutions were diluted to an optical density of ~0.15 at 750 nm. Ultrafast transient 

absorption (TA) spectroscopy was conducted with a Helios TA spectrometer (Ultrafast 

Systems) powered by a 10 W Hyperion amplified laser operating at 2.142 kHz, producing 260 

fs pulses at 1030 nm. Excitation pulses at 2.06 eV were generated by an independently tunable 

APOLLO-Y optical parametric amplifier (OPA) by Ultrafast Systems. The pump beam was 

modulated using a synchronous chopper phase-locked to the pulse train (1.071 kHz, blocking 

every other pump pulse), while near-infrared light served as the probe beam. Pump fluence was 

varied to achieve the desired average exciton number per QDs in each sample. TRPL at room 

temperature and at 80K were performed with the output of the same OPA tuned for 650nm 

excitation pulse. Emission was collected with a phototube coupled to a Cornerstone 260 1/4 m 

VIS-NIR monochromator (ORIEL) and detected using a single-photon counting unit, 

providing a time resolution of ~400 ps. 

 

 

Figure 2.7. a) Absorption and PL spectra of InAs, InAs@(1+2ML)InP, InAs@(3+5ML)InP, 

InAs@(1+2ML)InP@(6ML)ZnSe and InAs@(3+5ML)InP@(4ML)ZnSe QDs in toluene, and b) 

corresponding PLQY and band edge energy (<E1S>).50  
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Detailed photophysical characterization: In order to understand the exciton dynamics of 

these InAs-based core@shell, and core@shell@shell heterostructures, a detailed investigation 

of their photophysics were carried out utilizing both steady-state as well as time-resolved 

spectroscopic techniques. In specific, the detailed spectroscopic investigations were carried out 

on the starting InAs core-only QDs,  InAs@InP systems with the thinnest and the thickest InP 

shells (InAs@(1+2ML)InP, and InAs@(3+5ML)InP respectively), and then extended to their 

corresponding optimized ZnSe shelled systems (InAs@(1+2ML)InP@(6ML)ZnSe, and 

InAs@(3+5ML)InP@(4ML)ZnSe respectively). As reported in Figure 2.7 a, b, shelling with 

InP resulted in a red shift in the lowest-energy excitonic transition observed in the absorption 

spectra compared to that of core InAs NCs. This essentially indicates charge-carrier 

delocalization into the InP shell, which effectively enlarges the exciton size, as was further 

confirmed by our DFT calculations50. Subsequent growth of a ZnSe shell on the InAs@InP 

QDs produced a slight blue shift in the spectral features, this is in agreement with the partial 

etching of the InP shell during ZnSe deposition as evidenced by the ICP-OES results.  

Characterization through PL, PLQY, and time-resolved PL measurements provided further 

insights. The InAs core-only QDs exhibited a very low PLQY of ~2% (Figure 2.7 b) and fast, 

multi-exponential decay dynamics (Figure 2.8 a) with an effective lifetime (defined as the time 

at which the time-zero PL intensity reduced by a factor of e) of 12 ns upon 650nm laser 

excitation. These results are consistent with previous reports by Wijaya et al.41 Cooling the 

InAs QDs to 80K slowed the decay rate by approximately 15-fold, yielding nearly single-

exponential kinetics with lifetimes up to 180 ns. This very slow PL decay is characteristic of 

indirect excitonic recombination showing the presence of trap states. This was further 

corroborated by our DFT calculations that showed the presence of shallow trap states resonant 

with the VB maximum of InAs QDs. At room temperature, however, limited surface 

passivation leads to rapid carrier trapping at surface states, explaining both the fast, 

multiexponential decay dynamics and the low PLQY. Growth of the InP shell yielded 

core@shell QDs with very poor PL, consistent with previous reports.36, 51 
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Figure 2.8. Panel (a) time-resolved PL decay kinetics of InAs, InAs@(1+2ML)InP, 

InAs@(3+5ML)InP, InAs@(1+2ML)InP@(6ML), and InAs@(3+5ML)InP@(4ML)ZnSe recorded at 

room temperature and at 80K, panel (b) fluence-dependent TA spectra of the corresponding samples 

with inset of panel b showing the biexcitonic decay profile. 50 

 

To enhance the PL efficiency of these core@shell heterostructure QDs, a water-free HF 

treatment was applied using benzoyl fluoride , a method known to effectively eliminate non-

radiative traps from amino-P based InP QDs.48, 49 Following this treatment, InAs@(1+2ML)InP 
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and InAs@(3+5ML)InP QDs exhibited PLQY values of 13% and 11%, with room-temperature 

lifetimes of 54 ns and 41 ns, respectively. Cooling to 80 K produced only a modest slowing of 

the decay kinetics (~1.3-fold), with lifetimes of 80 ns and 52 ns. Compared to the core-only 

InAs QDs, the faster radiative decay observed at 80K for these InAs@InP heterostructure QDs 

indicates the effective removal of resonant trap states originally present at the InAs surface. 

This treatment thus enabled band-edge free-exciton photophysics characterized by nearly 

complete overlap of electron and hole wavefunctions, thus the decay kinetics remained more 

or less the same at both room temperature and at 80K. 

Further shelling of the InAs@InP QDs with ZnSe produced core@shell@shell heterostructures 

that exhibited markedly improved PLQY, reaching values as high as 55%. These multi-shell 

heterostructures also demonstrated good air stability, retaining 80% of their PL intensity after 

14 days of exposure (Figure 2.1 d, e and Figure 2.2 c, d). Interestingly, their PL lifetimes were 

comparable to those of the corresponding InAs@InP QDs and remained unchanged upon 

cooling. This behavior suggests that the reduced PLQY in InAs@InP heterostructures, as well 

as the residual losses in the multi-shell systems, originate from ultrafast surface trapping 

processes that deplete band-edge states without altering the overall PL kinetics. The 

observation that PLQY increases with decreasing temperature while the lifetime remains 

constant supports this interpretation: “slow” non-radiative channels are negligible, and the 

dominant loss mechanism is thermally activated surface trapping, which requires overcoming 

a potential barrier. To probe multi-exciton dynamics, transient absorption (TA) spectroscopy 

was performed on each sample by varying the pump fluence to control the average exciton 

number, 〈N〉, per QD (a detailed description of the procedure followed for extracting 

biexcitonic decay profile is given in Chapter 5). At low 〈N〉 values, all systems exhibited TA 

dynamics consistent with their single-exciton PL lifetimes. With increasing pump excitation 

fluence, a sub-nanosecond component emerged and intensified, indicating the growing multi-

exciton population (Figure 2.8 b). By subtracting the normalized single-exciton decay tail from 

TA profiles at higher exciton densities, biexciton (XX) kinetics were extracted (inset of Figure 

2.8 panel b). 

The core-only InAs QDs displayed biexponential biexciton dynamics, with a slow 190 ps 

component attributed to resonant surface traps with reduced carrier overlap, and a faster 13 ps 

component arising from band-edge excitons. Shelling with InP eliminated trap contributions, 

yielding single-exponential biexciton kinetics (τXX = 11 ps). Subsequent ZnSe encapsulation 

slightly slowed the XX decay (τXX = 19 ps), consistent with the largely unchanged carrier 
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overlap. Across all QD systems, the biexciton quantum yield was calculated to be below 0.1%, 

indicating that neither InP nor ZnSe shells effectively suppressed Auger recombination losses. 

These findings support two conclusions: (1) in InAs@InP QDs, both carriers can delocalize 

into the shell without significantly altering wavefunction overlap; and (2) ZnSe overgrowth 

establishes a type-I band alignment with the InAs@InP “core” and the ZnSe “shell”, which 

likewise does not substantially modify carrier overlap. 

 

Figure 2.9. Schematic representation of photophysics of (a)core only InAs QDs and (b)core@shell 

InAs@InP heterostructure QDs. 50 

 

Overall, these spectroscopic studies demonstrate that heterostructuring InAs QDs through a 

multi-shell architecture of InP and ZnSe is an effective strategy to enhance their emission yield. 

In particular, InP shelling of InAs QDs leads to the efficient removal of shallow trap states 

resonant with the VB maximum. Despite the type-I bulk band alignment between InAs and InP, 

this shelling does not confine carriers exclusively within the InAs core. Instead, both carriers 

delocalize into the InP shell (Figure 2.9): electrons exhibit uniform delocalization across the 

entire shell, while holes display facet-dependent delocalization along the (-1-1-1) facets, as 

supported by our DFT calculations. Further encapsulation with ZnSe preserves the type-I band 

alignment between the InAs@InP core and the ZnSe shell, while substantially increasing 

PLQY by effectively eliminating surface trap states. Importantly, in all cases the electron-hole 

wavefunction overlap remained essentially unchanged, meaning that Auger recombination 

efficiency was not significantly affected by shelling strategy and remained comparable across 

the core-only and heterostructured systems. 

ba
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2.2.5 Conclusions 

Through this work, a colloidal synthesis route was achieved for heterostructuring InAs NCs, 

specifically InAs@InP-core@shell QDs were synthesized using tris(dimethylamino)arsine and 

tris(diethylamino)phosphine, enabling precise control over shell thickness. InP was found to 

grow epitaxially on InAs QDs preferentially along the ⟨-1-1-1⟩ directions, yielding tetrapodal 

core@shell structures. Optically, InP shelling induced a red shift in both absorption and PL 

spectra, accompanied by an increase in PLQY from ~2% to 13%. Post-treatment with benzoyl 

fluoride was critical to achieve this enhancement, as it effectively suppressed surface defects. 

The PL kinetics of InAs@InP QDs displayed single-exponential behavior with a lifetime of 52 

ns at 80 K, consistent with band-edge exciton emission. In contrast, the starting InAs QDs 

exhibited a much longer PL lifetime (180 ns), attributed to shallow trap states resonant with the 

VB maximum. Thus, this study revealed that heterostructuring InAs NCs with InP is an 

effective strategy to remove the shallow trap states in these NCs and to enhance their band edge 

excitonic emission. 

To further improve optical performance, we epitaxially grew a ZnSe shell in situ on the 

InAs@InP samples, yielding core@shell@shell heterostructures. The resulting 

InAs@InP@ZnSe QDs achieved PLQY values as high as 55%, demonstrated good air stability 

(retaining 80% of PL intensity after 14 days), and exhibited PL lifetimes comparable to those 

of the InAs@InP QDs. Spectroscopic analyses revealed that in InAs@InP QDs both carriers 

delocalize into the InP shell, leading the system to behave more like “enlarged QDs” rather 

than conventional type-I or quasi type-II heterostructures. Consistent with this, TA 

measurements as a function of excitation fluence revealed fast Auger recombination rates (~10 

ps) across all structures. 

Taken together, these findings show that amino-As and amino-P based heterostructured 

InAs@InP@ZnSe QDs can be synthesized with high PL efficiency and better air stability, 

making them promising candidates for NIR emission-based applications. However, to mitigate 

Auger recombination losses and further enhance optical properties, exploration of alternative 

shell material combinations beyond InP and ZnSe will be necessary. 
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2.3 InAs-based core@shell heterostructure 

2.3.1 Introduction 

As discussed in Section 2.2, core-only InAs QDs exhibit very low PLQY, typically in the range 

of 1-2%, which makes them unsuitable for practical near-infrared (NIR) emission applications. 

To overcome this limitation, heterostructuring is necessary to enhance PLQY28, 37, 44, 52, 53. 

Multi-shell architectures have proven particularly effective, as they eliminate resonant traps in 

InAs and provide robust surface passivation, thereby increasing PLQY values up to 55%.50, 54 

Such architectures also smoothen the core-shell interface, enabling epitaxial growth of ZnSe 

with minimal lattice mismatch.42, 43, 51 

Despite these advantages, the synthesis of multi-shell heterostructures is complex and often 

relies on highly reactive, pyrophoric, toxic, and expensive precursors such as 

tris(trimethylsilyl)arsine (TMS-As).47, 55-59 These challenges have motivated recent efforts to 

develop alternative synthetic routes to InAs NCs and their core@shell derivatives using less 

hazardous and more economical arsenic precursors. Among these, tris(dimethylamino)arsine 

(amino-As)60, 61 has emerged as the most promising candidate and was employed in the 

synthesis of core InAs QDs described in Section 2.1. 

InAs NCs prepared using amino-As and ZnCl2 not only showed improved size distribution but, 

more importantly, exhibited enhanced heterostructuring potential and superior optical 

properties in the heterostructures designed out of them. One approach to shelling these cores 

involved the addition of an InP buffer layer prior to ZnSe growth50. In parallel, direct epitaxial 

growth of ZnSe onto amino-As/ZnCl2-based InAs cores was also explored54, 62. Interestingly, 

this method yielded InAs@ZnSe QDs with a PLQY of 42% and emission centered at 860 nm. 

Subsequent refinements enabled precise control over ZnSe shell thickness, ranging from ~1 to 

7 MLs. With increasing shell thickness, PLQY also showed a significant trend -showing 

increasing trend from 40-50% at 1.5 ML to ~70% at 3.5 ML, before plateauing between 3.5 

and 7 MLs.54 These results are noteworthy not only for achieving record PLQY values but also 

because they challenge the prior assumption that thick ZnSe epitaxial shells would not be 

possible directly on InAs due to their large lattice mismatch which would degrade their the 

optical properties. Furthermore, such thick shells achieved here can effectively mitigate the 

leaching of indium and arsenic, positioning these heterostructures as strong candidates for safe, 

commercial optoelectronic applications. 
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Importantly, these high PLQY values were consistently obtained only when ZnCl2 was 

included during InAs QD synthesis prior to ZnSe overgrowth. The precise role of ZnCl2, 

however, remains unclear. Improvements have been tentatively attributed to ZnCl2 acting as a 

Z-type ligand that passivates the InAs surface. Another hypothesis suggests that the “one-pot” 

ZnSe overgrowth may generate an In-Zn-Se interlayer between the InAs core and ZnSe shell. 

Such an interlayer could alleviate the large lattice mismatch of 6.4%, thereby enabling the 

observed high PLQY. Yet, it remains unresolved whether Zn ions are merely adsorbed on the 

QD surface (as ZnCl2 species) or incorporated into the lattice, and how they contribute to the 

exceptional optical performance of InAs@ZnSe QDs. 

To address these open questions, the present work undertakes a systematic investigation into 

the origin of high PLQY in InAs@ZnSe core@shell heterostructures by focusing on three key 

aspects:  

i) Whether ZnCl2 must be introduced during the initial synthesis or if post-synthetic 

treatment of core-only InAs QDs with ZnCl2 is sufficient to achieve high PLQY  

ii)  The optimal molar ratio of ZnCl2 required to maximize efficiency 

iii) The specific role of the one-pot ZnSe shelling method in attaining high-performance 

heterostructures. 

To address the first question, three types of InAs QDs were synthesized and investigated: (1) 

InAs QDs prepared with ZnCl2 as an additive, referred to as In(Zn)As; (2) “standard” InAs 

QDs synthesized without ZnCl2 additives (std-InAs); and (3) std-InAs QDs subjected to post-

synthetic treatment with ZnCl2 (Zn-InAs), achieving a Zn content comparable to that of 

In(Zn)As. Each type of QD was subsequently overcoated with a ZnSe shell using the optimized 

one-pot method described previously (to achieve heterostructure QDs as In(Zn)As@ZnSe, std-

InAs@ZnSe, and Zn-InAs@ZnSe respectively). 

To investigate the optimal ZnCl2 concentration, two additional control samples were 

synthesized with varying ZnCl2:InCl3 molar ratios of 5:1 (5-In(Zn)As@ZnSe) and 10:1 (10-

In(Zn)As@ZnSe), in addition to the previously employed 20:1 ratio (In(Zn)As@ZnSe). 

Finally, to determine whether the observed effects arise from residual InAs precursors 

consumed during shelling, the one-pot ZnSe shelling method was revisited. In this control 

experiment, InAs cores were first isolated, thoroughly washed, and then subjected to ZnSe shell 

growth. These samples are referred to as c-In(Zn)As@ZnSe. 
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2.3.2. Sample synthesis and characterization 

Precursor preparation: All samples used in this project were synthesized by Prof. Liberato 

Manna group at the Nanochemistry department of IIT, Genoa. In a N2-filled glovebox, the 0.4 

M As precursor was prepared by dissolving 0.2 mmol of amino-As (37 μL) in 0.5 mL of 

degassed oleylamine at 40 °C for 5 minutes until bubble evolution ceased. The 1 M TOP-Se 

precursor was obtained by mixing 10 mmol of Se powder with 10 mL of TOP in a 20 mL glass 

vial, heating the mixture at 250 °C under constant stirring for approximately 30 minutes until 

a transparent solution formed, and then cooling it to room temperature. Similarly, the 0.8 M 

ZnCl2-OA precursor was prepared by combining 8 mmol of ZnCl2 with 10 mL of OA in a 20 

mL glass vial and heating at 250 °C under constant stirring for about 50 minutes. Since the 

ZnCl2-OA precursor solidified at room temperature, it was preheated prior to using in the 

synthesis. 

Synthesis of InAs QDs: The synthesis of standard InAs (std-InAs) and In(Zn)As QDs  was 

carried out following a previously reported procedure.54In a typical experiment, 0.2 mmol of 

InCl₃, X mmol of ZnCl2 (X = 0 for std-InAs and 4 for In(Zn)As), and 5 mL of oleylamine (OA) 

were introduced into a 100 mL three-necked flask under an inert atmosphere. The mixture was 

first degassed at room temperature for 10 minutes, then further degassed under vacuum at 

120 °C for 40 minutes. The flask was subsequently heated to 180 °C under nitrogen until all 

precursors were completely dissolved, cooled back to 120 °C, and dried under vacuum for an 

additional 30 minutes. The reaction mixture was then heated to 240 °C under nitrogen, at which 

point the As precursor was injected, immediately followed by 1.2 mL of a DMEA-AlH₃ toluene 

solution. The temperature was rapidly raised to 300 °C (at the rate of 30 °C min⁻¹), and the 

reaction was maintained for 15 minutes before being quenched by removing the heating mantle. 

For the preparation of Zn-InAs QDs, 5 mL of a 0.8 M ZnCl2-OA precursor was added to the 

crude std-InAs QD solution at approximately 90 °C. The mixture was then heated to 280 °C 

(~30 °C min⁻¹), held at this temperature for 3 hours, and subsequently quenched. The resulting 

QDs were purified by two washing cycles with toluene and ethanol, followed by precipitation 

through centrifugation at 4000 rpm. Finally, the purified product was redispersed in toluene for 

further characterization. 

Synthesis of InAs@ZnSe heterostructures: After quenching the growth of the InAs QDs by 

cooling the reaction mixture to 90 °C, 3.5 mL of a 0.8 M ZnCl2-OA solution was introduced 

into the flask, followed by the addition of 7.5 mL of TOP-Se. The mixture was then heated to 
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310 °C at a rate of approximately 30 °C min⁻¹ and maintained at this temperature for 2 hours. 

The resulting InAs@ZnSe core-shell QDs were purified by two washing cycles with toluene 

and ethanol, followed by precipitation through centrifugation at 2000 rpm. Finally, the purified 

product was redispersed in toluene for subsequent characterization. In the control samples to 

test the optimal ratio of InCl3:ZnCl2 , the synthesis of 5-In(Zn)As@ZnSe, and 10-

In(Zn)As@ZnSe were synthesized following the same procedure by varying the molar ratio of 

ZnCl2 used in the InAs-core synthesis to 1 mmol, and 2mmol respectively. A representative 

scheme of the synthesis of all sets of samples are given in Scheme 2.1, and Scheme 2.2.   

 

Scheme 2.1.  Schematic Representation of the Synthesis of InAs QDs either made with ZnCl2 as an 

Additive (In(Zn)As) or without Additives (“Standard” InAs, Std-InAs) and of InAs QDs Prepared via 

Postsynthesis Treatment of Std-InAs QDs with ZnCl2 (Zn−InAs) and Their Corresponding InAs@ZnSe 

Core@Shell heterostructures. 63 

 

Scheme 2.2. Schematic representation of the synthesis process to prepare c-In(Zn)As@ZnSe, 10-

In(Zn)As@ZnSe, and 5-In(Zn)As@ZnSe heterostructure QDs. 63 
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TEM imaging: Transmission electron microscopic imaging and analysis were carried out by 

Dr. Mirko Prato from the materials characterization division of IIT Genova. TEM images of 

these different core-only QDs( In(Zn)As QDs, std-InAs QDs, and Zn-InAs QDs), 

corresponding core@shell heterostructures  (In(Zn)As@ZnSe, std-InAs@ZnSe, and 

Zn−InAs@ZnSe ), and the control samples (c-In(Zn)As@ZnSe, 10-In(Zn)As@ZnSe, and 5-

In(Zn)As@ZnSe QDs) are given in Figure 2.10, Figure 2.11, and Figure 2.12 respectively. The 

accurate size, and the elemental ratios of these InAs core NCs, and the different core@shell 

heterostructures are given in Table 2.3, Table 2.4, and Table 2.5. 

 

 

Figure 2.10. TEM images of a) In(Zn)As QDs, b) std-InAs QDs and c) Zn-InAs QDs. 63 

 

 

 

Figure 2.11. TEM images of (a) In(Zn)As@ZnSe, (b) std-InAs@ZnSe, and (c) Zn−InAs@ZnSe 

core@shell heterostructure QDs. 63 
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Figure 2.12. TEM images of a) c-In(Zn)As@ZnSe, b) 10-In(Zn)As@ZnSe, and c) 5-In(Zn)As@ZnSe 

QDs. 63 

2.3.3. Photophysical studies  

Instrumentation details: The absorption spectra were collected using a Varian Cary 5000 

UV–vis–NIR spectrophotometer. For measurements, NC samples were diluted in 3 mL of 

toluene and loaded into 1 cm path length quartz cuvettes with airtight screw caps inside a 

nitrogen-filled glovebox. Steady-state PL measurements were performed on an Edinburgh 

Instruments FLS900 fluorescence spectrometer equipped with a xenon lamp. Absolute PLQY 

values were determined using an Edinburgh FLS920 spectrometer fitted with an integrating 

sphere and a PMT-1700 liquid nitrogen-cooled detector. Samples were excited at 700 nm with 

the continuous xenon lamp output. Both the scattering (excitation) peak at 700 nm and the PL 

emission of each sample (with dilute solution of the sample with absorbance of ~0.7 at 700nm) 

were recorded using the same PMT-1700 detector, enabling determination of the absolute 

PLQY. 

Detailed photophysical characterization: We first analyzed the three different InAs core 

NCs- specifically In(Zn)As, std-InAs, and the Zn-InAs. All three samples displayed an 

excitonic absorption peak near 860 nm with a half-width at half-maximum (HWHM) of 

approximately 110 meV (Figure 2.13a, Table 2.3). The ZnCl₂ treatment applied to std-InAs to 

produce Zn–InAs QDs induced a slight red shift in the absorption maximum, moving it from 

845 to 870 nm, while preserving the original linewidth (∼111 meV). Although their absorption 

profiles were comparable, the samples exhibited marked differences in their PL behavior. 

Specifically: (a) the PL spectrum of In(Zn)As QDs was mirroring the excitonic absorption, 

whereas the spectra of the other samples were broader and showed larger Stokes shifts; (b) 

In(Zn)As QDs achieved the highest PLQY, around 2%. These observations align with time-

resolved PL measurements (Figure 2.13b), which revealed similarly fast decay dynamics for 

std-InAs and Zn–InAs QDs (lifetimes τ ~ 2 ns, Table 2.3), consistent with recombination 

dominated by carrier trapping. In contrast, In(Zn)As QDs exhibited slower decay kinetics, 

beginning with an initial τ₁ ~ 4 ns component attributed to residual surface trapping, followed 
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by a longer-lived tail (τ₂ ≈ 24 ns) that contributed the majority of the emission signal (~70%) 

(Table 2.3). 

 

Figure 2.13.  (a)Optical absorption and PL spectra and (b) PL decay traces for In(Zn)As, InAs, and 

Zn−InAs QDs. 63 

 

Sample 
In/As 
ratioa 

Zn/As 
ratioa 

Size 

(nm) 

Abs peak position 
(nm) 

HWHM of Abs. 
(meV) 

PLQY PL lifetime 

In(Zn)As 1.07 0.12 3 865 104 2±1% 

τ1 =4 ns 
(29%) 

τ2 = 24 ns 
(71%) 

std-InAs 1.11 0 3 845 111 ＜0.5% τ = 2 

Zn-InAs 1.07 0.15 3 870 113 ＜0.5% τ = 2 

Table 2.3. Atomic ratios (obtained through ICP-OES), size and optical data of In(Zn)As, std-InAs and 

Zn-InAs QD samples. 63 

 

Further, the core@shell heterostructures derived out of these three different InAs core NCs 

were characterized. All core@shell samples exhibited distinct PL peaks with comparable 

shapes and spectral shifts relative to their excitonic absorption (Figure 2.14 a). Among them, 

In(Zn)As@ZnSe QDs achieved the highest PLQY of 70 ± 7%, consistent with previous reports, 

whereas std-InAs@ZnSe and Zn-InAs@ZnSe QDs showed markedly lower values of ~10% 

and 22%, respectively (Table 2.4). In every case, ZnSe shelling led to a broadening of the 

excitonic absorption peak, which was more pronounced for std-InAs and Zn-InAs QDs than 
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for In(Zn)As QDs. Time-resolved PL measurements (Figure 2.14 b) corroborated the PLQY 

trends: std-InAs@ZnSe QDs displayed double-exponential decay dynamics with a residual 

trapping component contributing ~6% of the signal (Table 2.4). In contrast, In(Zn)As@ZnSe 

QDs exhibited a predominantly single-exponential decay with an extended PL lifetime of 52 

ns, reflecting efficient defect passivation and consistent with their high PLQY. Zn-InAs@ZnSe 

QDs also showed mainly single-exponential decay, with a slightly shorter lifetime of 47 ns 

compared to In(Zn)As@ZnSe QDs. 

 

Figure 2.14. (a) optical absorption and PL spectra of In(Zn)As@ZnSe, std-InAs@ZnSe, and Zn-

InAs@ZnSe core@shell heterostructures, and (b)the corresponding PL decay traces. 63 

 

Sample 
In/As 

ratioa 

Zn/As 

ratioa 
Zn/Se ratioa Size (nm) ZnSe ML PLQY PL lifetime  

In(Zn)As@ZnSe 1.84 23.71 1.00 9.3±1.3 7 70±7% τ = 52 ns 

std-InAs@ZnSe 2.03 24.85 1.02 9.6±1.4 7 10±1% 

τ1 = 4 ns 

(6%) 

τ2 = 41 ns 

(94%) 

Zn-InAs@ZnSe 1.76 19.68 1.13 8.4±1.2 6 22±2% τ = 47 ns  

 

Table 2.4. Atomic Ratios, Size, ZnSe Thickness, and Optical Data of c-In(Zn)As@ZnSe, 10-

In(Zn)As@ZnSe, and 5-In(Zn)As@ZnSe heterostructures. 63 
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In all three cases, the In/As ratio increased during ZnSe shelling, rising from the initial ~1.1 

value observed in the core-only samples (Table 2.3) to ~1.7–2 (Table 2.4). This trend indicates 

the formation of an In-Zn-Se “interlayer” during shell growth all the three cases. We 

hypothesized that the high PLQY of In(Zn)As@ZnSe QDs synthesized by our method could 

be attributed to this interlayer, which helps to alleviate the substantial lattice mismatch (6.4%) 

between InAs and ZnSe. Our new experimental findings refine this interpretation: (i) the 

interlayer is necessary but not sufficient to achieve high PLQY in InAs@ZnSe QDs; (ii) high 

PL efficiencies are only realized when ZnCl₂ is introduced during InAs QD synthesis; and (iii) 

post-synthetic ZnCl₂ treatment does lead to Zn incorporation, but this alone does not yield 

core@shell QDs with optimal PL performance. 

In a second set of experiments, we examined In(Zn)As QDs using reduced amounts of ZnCl2 

compared to the earlier synthesis, where a ZnCl2:InCl3 precursor ratio of 20:1 had been 

employed. Specifically, precursor ratios of 10:1 (sample 10-In(Zn)As) and 5:1 (sample 5-

In(Zn)As) were tested (Scheme 2.2). Both samples were subsequently overcoated with a ZnSe 

shell using the “one-pot” procedure, yielding core@shell QDs with a shell thickness of 7 ML 

and an In-Zn-Se interlayer, as reflected by In/As elemental ratios of 2.08 and 2.34 (Table 2.5). 

Theses samples also showed similar absorption and emission profiles (Figure 2.15 a) Despite 

these structural similarities, their PLQY values differed markedly: 10-In(Zn)As@ZnSe 

achieved a PLQY of 70 ± 7% with a single-exponential PL decay (Figure 2.15 b), and a lifetime 

of 57 ns, whereas 5-In(Zn)As@ZnSe exhibited a lower PLQY of 22 ± 5% and a double-

exponential decay characterized by a fast 4 ns component followed by a 52 ns component. The 

latter behavior points to residual carrier trapping due to incomplete surface passivation. These 

control experiments highlight that achieving high PL efficiency requires a Zn:In precursor ratio 

of at least 10:1, which ensures effective passivation of surface defects, as confirmed by time-

resolved PL measurements. 

In the final set of experiments, heterostructures wherein the ZnSe shell was grown onto purified 

In(Zn)As QDs (c-In(Zn)As), were analyzed for their optical properties. This sample set ensured 

that shell growth occurred without interference from unreacted precursors remaining from the 

In(Zn)As synthesis. The resulting c-In(Zn)As@ZnSe QDs featured a shell thickness of 7 ML 

and an In–Zn–Se interlayer, as evidenced by the increase in the In/As ratio from 1.07 to 1.83 

during shelling (Table 2.5). These QDs exhibited a PLQY of up to 60% and single-exponential 

decay kinetics with a 52 ns lifetime (Figure 2.15 b; Table 2.5), comparable to the 

In(Zn)As@ZnSe QDs. As in other cases, ZnSe shelling also led to broadening of the excitonic 
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absorption peak. These findings indicate that In(Zn)As QDs themselves, rather than the specific 

shelling protocol, inherently possess the ability to achieve high PLQY upon ZnSe overgrowth. 

Furthermore, the consistent formation of an In-Zn-Se interlayer and the progressive increase in 

the In/As ratio across all samples suggest that indium is sourced from the starting QDs, likely 

through an etching process. This mechanism may underlie the observed broadening of 

excitonic absorption peaks during ZnSe shelling (Figure 2.16). A similar etching phenomenon 

was recently reported by Li et al., who observed peak broadening when ZnSe shells were grown 

onto InAs QDs prepared with TMS-As. Notably, the broadening was less pronounced in 

In(Zn)As and c-In(Zn)As QDs compared to std-InAs and Zn–InAs QDs (Figure 2.16), 

implying that etching behavior depends on the nature of the initial InAs cores. The precise 

mechanism, however, remains unresolved and requires further investigation. 

 

Figure 2.15. a) Optical absorption and PL spectra of c-In(Zn)As@ZnSe, 10-In(Zn)As@ZnSe and 5-

In(Zn)As@ZnSe QDs. 63 

 

Sample In/As 
ratio 

Zn/As ratioa Zn/Se ratioa Size (nm) ZnSe ML PLQY PL 
lifetime  

c-In(Zn)As@ZnSe 1.83 24.49 1.07 9.2±1.4 7 60±6% τ = 57 ns 

10-In(Zn)As@ZnSe 2.08 21.97 1.05 9.2±1.3 6.5 70±7% τ = 52 ns 

5-In(Zn)As@ZnSe 

2.34 26.32 1.00 8.8±.5 7 22±5% 

τ1=9 ns 
(4%) 

τ2=52 ns 
(96%) 

Table 2.5. Atomic ratios, size, ZnSe thickness and optical data of c-In(Zn)As@ZnSe, 10-

In(Zn)As@ZnSe and 5-In(Zn)As@ZnSe QD samples. 63 
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Figure 2.16. Evolution of the absorption curves of (a) In(Zn)As, (b) std-InAs, (c) Zn-InAs and (d) c-

InAs QD samples upon ZnSe shelling from 0 min (the time at which the reaction mixture reaches 300°C) 

to 180 min. In each graph the black curve named “core” refers to the starting unshelled InAs QDs and 

CS refers to core@shell samples.63 
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2.3.4. Conclusions 

In this study, we examined the role of ZnCl2 as an additive in the amino-As-based synthesis of 

InAs QDs and its impact on the PL efficiency of InAs@ZnSe core@shell heterostructures. To 

this end, we synthesized and characterized three types of InAs QDs and their corresponding 

core@shell derivatives: (i) In(Zn)As QDs prepared with ZnCl2 as an additive; (ii) std-InAs 

QDs synthesized without additives; and (iii) Zn–InAs QDs obtained by post-synthetic 

treatment of std-InAs with ZnCl2. Our results show that high PLQY values (∼70%) were 

achieved only for In(Zn)As@ZnSe QDs, whereas std-InAs@ZnSe and Zn–InAs@ZnSe 

samples exhibited much lower efficiencies (≤20%). The enhanced PLQY of In(Zn)As@ZnSe 

QDs cannot be attributed solely to the presence of an In–Zn–Se interlayer, since similar 

interlayers were also observed in std-InAs@ZnSe and Zn–InAs@ZnSe QDs. Furthermore, the 

choice between a two-pot and one-pot ZnSe shelling procedure had only a minor influence on 

the PLQY of In(Zn)As@ZnSe QDs. Instead, high PL efficiency was obtained only when 

substantial amounts of ZnCl₂ were introduced during synthesis, specifically at ZnCl2:InCl3 

precursor ratios above 10:1. 

To rationalize these findings, we combined DFT calculations performed by Prof. Ivan Infante’s 

group from Basque Center for Materials, Spain along with X-ray absorption spectroscopy 

studies carried out by Dr. Rene Bes from the department of physics, Helsinki institute of 

physics. These analyses corroborated with our photophysical studies , and revealed that: (i) std-

InAs QDs possess surface trap states, primarily located at the (−1−1−1) facets, which persist 

even after ZnSe shelling and account for their poor PL efficiency; (ii) post-synthetic ZnCl₂ 

treatment of std-InAs QDs leads to limited Zn incorporation and ZnCl2 adsorption on the 

(−1−1−1) facets, resulting in insufficient trap passivation and weakly emissive Zn–InAs@ZnSe 

QDs; and (iii) introducing ZnCl2 during synthesis promotes Zn incorporation at the surfaces of 

In(Zn)As QDs, preferentially at the (100) and (−1−1−1) facets, thereby effectively passivating 

surface traps and yielding strongly emissive In(Zn)As@ZnSe QDs. Overall, this work 

establishes ZnCl2 as a critical additive in the amino-As-based synthesis of InAs QDs, enabling 

the preparation of highly emissive InAs@ZnSe heterostructures. 
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3.1. Preface 

The emergence of colloidal lead halide perovskite (LHP) NCs has profoundly reshaped the 

landscape of QD research. Their discovery as solution-processable semiconductors with 

exceptional optoelectronic properties quickly positioned them as a disruptive material class. A 

pivotal milestone was reached a decade ago, when Kovalenko and co-workers reported the 

synthesis of all-inorganic CsPbX3 (X = Cl, Br, I) perovskite NCs. This breakthrough 

established a new family of QDs with remarkable photophysical characteristics, including 

bright emission, narrow linewidths, and facile bandgap tunability across the entire visible 

spectrum. 

The appeal of perovskite NCs lies in their unique combination of advantages over conventional 

II-VI and III-V QDs. They exhibit high PLQYs, defect tolerance that allows efficient emission 

even in soft ionic lattices, and highly ionic bonding that enables straightforward halide 

substitution for spectral tuning. Their synthesis is comparatively simple, even can proceed 

under ambient conditions through ligand assisted reprecipitation (LARP) and inexpensive 

precursors, which has fueled their rapid adoption across disciplines. As a result, the field has 

grown at an extraordinary pace: since 2015, several thousand papers have been published on 

perovskite NCs, covering topics from fundamental photophysics to applications in light-

emitting diodes, lasers, solar cells, and quantum technologies. 

Yet, despite this exponential growth, heterostructuring in perovskite NCs remains strikingly 

underexplored. While II-VI systems have long served as archetypes for successful 

heterostructures (as described in chapter 1), and III-V systems-though more challenging-have 

seen steady progress (as examined in chapter 2), perovskites present even greater obstacles. 

Their soft ionic lattice, rapid halide interdiffusion, and limited chemical stability, and fast 

reaction kinetics hinder the formation of well-defined core-shell architectures. This difficulty 

is reflected in the literature: a markedly small percentage of the published works on perovskite 

NCs explicitly address heterostructuring strategies, underscoring the gap between the vast body 

of research on perovskites and the scarcity of viable approaches to controlled heterostructure 

design. In fact, the challenge of heterostructuring in perovskites is even more pronounced than 

in III-V QDs, where covalent bonding and lattice mismatch already impose significant 

limitations. 

In this chapter, we confront these challenges by investigating a halide-exchange-driven route 

to heterostructure formation. Specifically, we explore the design of CsPbCl3/CsPbI3 core/shell 
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NCs aimed at achieving large Stokes-shifted emission. This strategy leverages the ionic nature 

of perovskites to confine exciton transfer while suppressing reabsorption losses, offering a 

proof-of-principle pathway toward functional heterostructures in a material system long 

considered resistant to conventional wavefunction engineering. By situating this work within 

the broader context of heterostructuring strategies across QD families, we aim to demonstrate 

both the unique challenges and the distinctive opportunities presented by this novel class of 

NCs. 

3.2. Introduction 

Building upon the transformative impact of colloidal LHP NCs described above, it is clear that 

their rise has opened unprecedented opportunities across optoelectronics and photonics. With 

the general formula APbX3 (where A is a monovalent cation such as Cs⁺, methylammonium, 

or formamidinium, and X is Cl, Br, or I), these materials have rapidly become the centerpiece 

of research in optoelectronics and photonics1. Their versatility is reflected in the breadth of 

applications explored to date, spanning energy conversion2, artificial lighting3-5, sensing6-8, 

photonics9, and radiation detection10, 11.  

What makes LHP NCs particularly compelling is their unique combination of photophysical 

and synthetic advantages. They exhibit high PLQYs (ФPL) owing to their defect tolerance, fast 

luminescence lifetimes, and narrow emission linewidths, making them attractive for coherent 

light sources. Their highly ionic bonding facilitates straightforward halide substitution, 

enabling facile spectral tuning across the visible range. Moreover, their solution-processability 

and compatibility with low-temperature fabrication routes3, 4, 7, 12, 13 distinguish them from 

conventional II-VI and III-V QDs, which often require more complex, high-temperature 

syntheses. This combination of simplicity, tunability, and performance has fueled an 

exponential growth in research output. 

Despite these remarkable advances, critical challenges remain unresolved, particularly in 

tailoring their photophysical response for technologically relevant applications. One of the 

most persistent obstacles is the small Stokes shift inherent to excitonic QDs, typically only a 

few tens of meV in LHP NCs1, 12, 14. This narrow separation between absorption and emission 

spectra leads to self-absorption losses, a phenomenon that severely limits performance in 

devices where light require long range propagation through the material. Applications such as 

luminescent solar concentrators14-16, waveguides and photonic fibers, and scintillators for 
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radiation detection are especially vulnerable to these losses, as reabsorption diminishes 

efficiency and compromises device scalability. 

In conventional semiconductor QDs, this challenge has been addressed through wavefunction 

engineering strategies17, 18. Core/shell heterostructures19-23, dot-in-rod geometries24-28, and 

core/crown architectures29-31 exploit band alignment to spatially separate absorption and 

emission domains, thereby creating an “apparent” Stokes shift. Similarly, doping with emissive 

impurities such as transition metal ions (Mn²⁺, Ag⁺, Cu⁺/⁺⁺)32-39 or engineered point defects40, 41 

has introduced mid-gap states that act as color centers, yielding large apparent Stokes shifts 

and suppressing resonant absorption. However, these approaches often come at the cost of 

broader emission linewidths (≥60–80 nm) and slower PL dynamics (≥100–200 ns) due to 

crystal field effects and forbidden transitions32-39. 

Translating these strategies to perovskite nanocrystals has proven exceptionally difficult. Their 

soft ionic lattice and rapid halide interdiffusion hinder the stabilization of distinct 

heterostructure domains12, 42-44, while the antibonding character of band-edge states impedes 

the introduction of conventional intragap dopants. As a result, attempts to engineer 

heterostructures with distinct halide compositions-such as CsPbCl3/CsPbBr3 or 

CsPbBr3/CsPbI3-have largely yielded mixed-halide alloys rather than well-defined junctions. 

Even reported heterostructures, such as CsPbBr3/Cs4PbBr6
45, 46 or CsPbCl3/Pb3S2Cl2, often 

suffer from photophysically disconnected domains and interfacial defects that dominate their 

photophysics. Exciton funneling mimicking core/shell localization has been obtained in two-

dimensional layered perovskite nanosheets, but the thick emissive domain retained significant 

resonant absorption, leading to partial suppression of reabsorption losses. Doping with 

luminescent centers such as Mn2+ or rare-earth ions47-55 has been more successful, facilitated 

by the coordination environment of the perovskite lattice, but these systems typically exhibit 

long photoluminescence lifetimes due to spin- or parity-forbidden transitions. Self-trapped 

excitons have also been reported in mixed halides56, 57, but these, too, suffer from long, non-

tunable emission dynamics. 

This situation underscores a paradox: while LHP NCs are among the most synthetically 

accessible and optically versatile QDs, they remain resistant to conventional wavefunction 

engineering strategies that have proven effective in II-VI and III-V systems. The challenge of 

achieving large Stokes shifts without sacrificing spectral purity or emission speed is therefore 

both scientifically intriguing and technologically demanding. Addressing this gap requires 
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approaches that leverage the distinct ionic chemistry of perovskites, rather than attempting to 

replicate strategies developed for covalently bonded semiconductors. 

In this chapter, we aim to contribute to this endeavor by exploring a halide-exchange-driven 

route to heterostructure formation. Specifically, we investigate the design and synthesis of 

CsPbCl3/CsPbI3 core/shell nanocrystals, engineered to achieve large Stokes-shifted emission. 

This approach seeks to confine exciton transfer within the core while suppressing reabsorption 

losses through the shell, offering a proof-of-principle pathway toward wavefunction 

engineering in a system long considered incompatible with such strategies.  

3.3 Results  

3.3.1. Sample synthesis  

Precursor preparation: Iodide exchange was performed on two distinct batches of CsPbCl₃ 

nanocrystals, each characterized by a different surface ligand density. The first batch was 

synthesized following the protocol reported by Kovalenko and coworkers12, while the second 

batch was prepared according to the method described by Pradhan and coworkers58, in which 

an excess of surface ligands was introduced. In this latter approach, the ligands were coupled 

to the chloride precursor as oleylammonium chloride, thereby ensuring a surplus of ligands 

during synthesis. 

For the first synthetic route, the Cs-oleate precursor solution was prepared by mixing Cs2CO3 

(405 mg, 1.24 mmol) with oleic acid (1.25 mL) and octadecene (10 mL) in a 50 mL three-neck 

round-bottom flask. The mixture was degassed at 120 °C for 1 hour, after which the temperature 

was increased to 150 °C under a nitrogen atmosphere and maintained for 30 minutes. Upon 

obtaining a clear solution, it was cooled to room temperature and transferred into an air-tight 

vial sealed with a rubber septum. As the solution solidifies at room temperature, it was reheated 

to 100 °C prior to use in subsequent syntheses to ensure a transparent solution. 

For the second synthesis route, where oleylammonium chloride served as the chloride source, 

a stock solution was prepared by mixing HCl (1 mL, 37%) with oleylamine (10 mL) in a 50 

mL three-neck round-bottom flask. The mixture was heated to 120 °C and maintained at this 

temperature for 2 hours, followed by an increase to 150 °C with continuous stirring for an 

additional 30 minutes. After cooling, the solution was transferred into a nitrogen-purged glass 

vial and sealed. As in the case of Cs-oleate precursor solution, this mixture also solidifies at 
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room temperature, hence it was also heated to obtain transparent solution prior to use in 

synthesis. 

Iodide exchange on the nanocrystals was performed using a 50 mM PbI2 stock solution. This 

solution was prepared by dissolving PbI₂ powder (1 mmol) in oleic acid (2.6 mL) and 

oleylamine (2.6 mL), with octadecene (15 mL) as the solvent, in a 50 mL three-neck round-

bottom flask. The mixture was degassed at 110 °C for 30 minutes, then heated to 150 °C under 

a nitrogen atmosphere and maintained for 5 minutes to ensure complete dissolution of the PbI₂ 

salt. After cooling to room temperature, the solution was transferred to a nitrogen-purged, air-

tight vial for storage. 

Synthesis of CsPbCl3 NCs: Successful partial halide exchange was achieved with CsPbCl₃ 

nanocrystals synthesized using a reduced surface ligand concentration, following the method 

reported by Protesescu et al.12 Briefly, PbCl₂ (52 mg, 0.188 mmol) was combined with oleic 

acid (500 µL) and oleylamine (500 µL) in octadecene (5 mL) within a 50 mL three-neck round-

bottom flask. The reaction mixture was degassed at 110 °C for 45 minutes, after which 

trioctylphosphine (1 mL) was injected at 100 °C to ensure complete solubilization of the PbCl₂ 

salt. Following degassing, the temperature was raised to 180 °C under nitrogen, and Cs-oleate 

(400 µL, prepared as described above) was swiftly injected. The reaction was immediately 

quenched by immersing the flask in an ice-water bath. Once cooled to 50 °C, the mixture was 

extracted out and centrifuged at 3823 × g (6000 rpm) for 10 minutes; the supernatant was 

discarded, and the precipitate was redispersed in toluene (8 mL). 

For post-synthetic surface treatment with CdCl₂, the nanocrystals dispersed in toluene (8 mL) 

were mixed with approximately 300 mg of CdCl₂ salt and stirred at room temperature for 2 

hours. The treated nanocrystals were then isolated by mild centrifugation, during which the 

unreacted, precipitated CdCl₂ salt was discarded. These surface treated NCs are referred to as 

CdCl2:CsPbCl3. 

To evaluate the effect of surface ligand concentration, the above synthesis was repeated under 

identical precursor conditions, except that the amounts of oleic acid and oleylamine were 

doubled to 1 mL each. 

The second batch of nanocrystals, with an excess surface ligand concentration, was synthesized 

following the method previously reported58. Briefly, Cs₂CO3 (32 mg, 0.1 mmol), lead acetate 

trihydrate (76 mg, 0.2 mmol), oleic acid (1 mL), and octadecene (10 mL) were loaded into a 

50 mL three-neck round-bottom flask and degassed at 110 °C for 45 minutes. The temperature 



 

 

90 3. Heterostructuring in Lead Halide Perovskite NCs  

was then raised to 250 °C under a nitrogen atmosphere. At this temperature, oleylammonium 

chloride (1.2 mL, prepared as described above) was swiftly injected, and the reaction was 

annealed for 1 minute. Heating was subsequently removed, allowing the mixture to cool 

naturally. At 40 °C, the solution was extracted and centrifuged at 3823 × g (6000 rpm) for 10 

minutes. The supernatant was discarded, and the precipitated nanocrystals were redispersed in 

toluene. 

Synthesis of CsPbCl3/CsPbI3 heterostructures: Heterostructures were obtained through 

halide exchange on CdCl2-treated CsPbCl3 nanocrystals. In the optimized case, 100 µL of the 

previously described 50 mM PbI₂ solution was injected into a CdCl₂-treated CsPbCl3 

nanocrystal dispersion in toluene, with the concentration adjusted to yield an absorbance of 1.1 

OD at the band edge (3.14 eV). To demonstrate the necessity of CdCl₂ surface passivation for 

sustaining partial exchange, the same experiment was repeated on pristine CsPbCl3 

nanocrystals under identical concentration and precursor conditions. In both cases, the 

exchange process was monitored in situ using absorption and PL measurements, as discussed 

in detail in the photophysics section.  

Synthesis of CsPbI3 NCs: As control samples, the photophysical properties of the 

heterostructures were compared against pristine CsPbI3 NCs synthesized via the hot-injection 

method, as reported12. In a typical procedure, PbI₂ (87 mg, 0.188 mmol) was mixed with oleic 

acid (500 µL), oleylamine (500 µL), and 5 mL of octadecene in a 50 mL three-neck round-

bottom flask. The mixture was degassed at 110 °C for 45 minutes. After degassing, the solution 

was heated to 180 °C under nitrogen, and Cs-oleate (400 µL, prepared as described above) was 

swiftly injected. The reaction was quenched immediately by immersing the flask in an ice-

water bath. Once cooled to 50 °C, the mixture was collected by centrifugation at 3823 × g (6000 

rpm) for 10 minutes. The resulting precipitate was redispersed in 8 mL of toluene. 

3.3.2. Structural characterization 

For structural characterization, the heterostructures obtained via partial iodide exchange were 

examined by TEM imaging and compared with the starting CdCl₂:CsPbCl3 nanocrystals (NCs). 

Figure 3.1a presents TEM images of the pristine CdCl2:CsPbCl3 NCs, while Energy-dispersive 

X-ray (EDX) spectroscopy mapping confirmed the incorporation of approximately 10 ± 1% Cd 

relative to Pb (Figure 3.2). TEM images of the heterostructures formed through Cl⁻/I⁻ exchange 

are shown in Figure 3.1c, with the corresponding EDX elemental maps provided in Figure 3.3. 

A direct comparison of Figures 3.1a and 3.1c reveals that the overall morphology of the NCs 
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remains essentially unchanged after halide exchange. The average particle size increases 

slightly, from 7.19 ± 0.06 nm to 7.57 ± 0.07 nm, as evidenced by the size distribution 

histograms adjacent to Figures 3.1a and 3.1c. Fast Fourier transform (FFT) analyses (Figures 

3.1b and 3.1d) further confirm the crystalline nature of the particles, which adopt the cubic 

Pm3̅m structure. A subtle increase in lattice parameter upon Cl⁻/I⁻ exchange is indicated by the 

elongation of FFT spots in the heterostructured NCs, highlighted in the yellow squares. 

 

 

Figure 3.1. Representative TEM image of (a) CdCl2-treated CsPbCl3 NCs, and (c) CsPbCl3/CsPbI3 

heterostructures with the corresponding size histogram analysis on the right panel. FFT images showing 

interplanar distances of (b) CdCl2-treated CsPbCl3 (blue outline), and (d) CsPbCl3/CsPbI3 

heterostructures (red outline). 

 

To probe the elemental distribution, iodine and chlorine signals were mapped by Energy-

Filtered TEM (EF-TEM) across multiple NCs at both 200 kV and 80 kV, with representative 

results shown in Figure 3.4. The iodine maps reveal that it is present throughout the NCs, with 

enhanced intensity along the particle edges. This observation indicates that all NCs in the 

ensemble have undergone heterostructuring, consistent with the complete disappearance of 

CsPbCl₃ emission, as discussed in the photophysical studies section that follows. 

Complementary EDX analysis of the CsPbCl3/CsPbI3 heterostructures (Figure 3.3) further 

confirms the presence of both Cl and I. Importantly, no particles were found to contain only Cl 

or only I, ruling out the presence of unexchanged parent CsPbCl3 NCs or fully exchanged 

CsPbI3 NCs within the ensemble. 
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Figure 3.2. (a) EDX spectrum, and (b) scanning transmission electron microscope-high-angle annular 

dark-field imaging (STEM-HAADF) maps of the Cl, Cd, Pb, and Cs elements for the CdCl2-treated 

CsPbCl3 NCs. 

 

Figure 3.3. (a) EDX spectrum (b) STEM-HAADF image of the area acquired for elemental mapping, 

and the corresponding maps of the (c) Cs, (d) Pb, (e) Cl, and (f) I elements and (g) their merged map 

for the CsPbCl3/CsPbI3 heterostructure NCs. 
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Figure 3.4. Elemental mapping of CsPbCl3/CsPbI3 heterostructures performed at 200 kV by EF-TEM 

of (a) iodine (N edge), and (b) chlorine (L edge), showing the presence of both elements in all particles. 

(c) Magnified HRTEM of CsPbCl3/CsPbI3 showing lattice fringes. (d) Energy filtered map of the iodine 

N edge from the same region, acquired at 80 kV. (e) Overlay of (c) and (d) highlighting iodine 

distribution. 

 

3.3.3. Photophysical studies 

Instrumentation: Optical absorption spectra of colloidal solution of NCs in toluene were 

recorded using an Agilent Cary 50 UV-Vis spectrophotometer. PL measurements were 

performed with a Varian Cary Eclipse fluorescence spectrometer, exciting the samples at 3.26 

eV (380 nm). In-situ absorption and PL monitoring during anion exchange was carried out with 

the same instruments, acquiring spectra every ~20 seconds over ~7 minutes until the spectral 

evolution stabilized. 

Relative PLQY were measured by comparison with freshly prepared, iso-absorbing quinine 

sulfate solutions (0.5 M H₂SO₄) at the excitation wavelength (380 nm), used as a reference. All 

PL spectra were corrected for detector efficiency. 

Fluence-dependent steady-state PL measurements employed excitation at 3.26 eV using the 

output of an APOLLO-Y optical parametric amplifier (OPA) pumped by a 10 W Hyperion 

amplified Ytterbium laser operating at 15 kHz, producing 260 fs fundamental pulses at 1030 

nm. The emitted light was fiber-coupled into a TM-C10083CA Hamamatsu Mini Spectrometer. 
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Excitation fluence was varied between 2×10-10- 2×10-5, corresponding to an average excitonic 

population per nanocrystal, N raging from ~0.002 to 232. The absorption cross section of the 

CsPbCl3 NCs (6.3×10-15 cm2 at 370 nm) was extracted from fluence-dependent TA spectra 

following the method of Makarov et al.59 

Light propagation experiments were conducted using an electron paramagnetic resonance glass 

tube (~25 cm optical path) filled with a colloidal solution of nanocrystals adjusted to 0.1 

absorbance at the 1S exciton edge. Time-resolved PL measurements were performed as a 

function of excitation fluence in a single-photon counting configuration, employing a VIS 

photomultiplier tube coupled to a Cornerstone 260 1/4 m VIS–NIR monochromator (ORIEL) 

and a time-correlated single-photon counting unit with ~400 ps resolution. PL propagation, 

trPL, and fluence-dependent PL measurements all shared the same pulsed excitation source at 

3.26 eV, operated at 20 kHz. 

Femtosecond TA measurements were performed using a Helios TA unit from Ultrafast Systems. 

The Hyperion module was operated at 1.87 kHz as seed to generate a white light 

supercontinuum (used as the probe beam), and a 3.35 eV pump beam by mean of the APOLLO-

Y OPA described above. The pump beam was synchronously chopped and phase-locked at 

0.938 kHz, blocking every other pulse. For fluence-dependent TA analysis, the excitation pump 

fluence was adjusted in the 4.2×10-6 - 2.7×10-4 J/cm2 range.  

Optical properties of pristine and CdCl2-treated CsPbCl3 NCs:  

We first carried out a detailed characterization of pristine CsPbCl3 NCs and those NCs 

subjected to CdCl2 treatment. The as-synthesized CsPbCl3 NCs display a distinct band-edge 

absorption at 3.14 eV, accompanied by an excitonic PL peak at 3.05 eV (Figure 3.5a). Their 

PLQY is relatively low, around 1-2%, and the time-resolved PL traces (Figure 3.5b) exhibit 

strongly quenched multiexponential decay kinetics. This behavior is characteristic of Cl-based 

LHPs, where nonradiative losses dominate. Such losses are primarily attributed to hole trapping 

in deep intragap states, typically associated with undercoordinated chloride ions bound to 

surface lead ions.11 
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Figure 3.5. (a) PL spectra for isoabsorbing CsPbCl3 (dark blue) and CdCl2:CsPbCl3 (blue) nanocrystals 

(NCs), showing an increase of PL emission. Inset: normalized spectra highlight the same PL energy 

position before and after CdCl2 treatment. (b) PL dynamics for CsPbCl3 (left) and CdCl2:CsPbCl3 (right) 

NCs: while the former (measured with a Streak Camera) is characterized by a fast, multiexponential 

lifetime, in the latter PLQY (ΦPL) enhancement is associated with a much longer, single exponential 

lifetime. (c) Photographs of isoabsorbing CsPbCl3 (left cuvette) and CdCl2:CsPbCl3 (right cuvette) NCs 

under ambient light and under 365 nm illumination, showing the increase in ΦPL in CdCl2:CsPbCl3. 

 

Recent reports have shown that post-synthetic treatment with excess CdCl2-where surface Pb 

is partially substituted by Cd-effectively suppresses carrier trapping60. the incorporation of Cd, 

a cation favoring tetrahedral coordination, reorients surface chloride ions into a more stable, 

highly coordinated arrangement. This structural reorganization prevents the formation of trap 

states and thereby enhances PLQY. In agreement with these findings, CdCl2 treatment in our 

samples resulted in a pronounced increase of PLQY to 20% and transformed the PL decay 

profile into a single-exponential form with a lifetime of τ = 2.4 ns60 (Figure 3.5 b), while 

keeping the band edge absorption and PL profiles intact. The enhanced PL efficiency was 
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visually evident-as its reported in Figure 3.5 c, showing two samples with identical absorbance 

under UV excitation 

In situ spectroscopic investigation of Cl-/I- exchange: To understand the underlying 

mechanism of halide exchange in greater detail, the exchange was probed in situ using 

absorption and PL measurements. Initially we attempted to achieve a stable CsPbI3 phase by 

adding PbI2 to as-synthesized pristine CsPbCl3 NCs under ambient conditions. As reported by 

Manna and coworkers61, this resulted in complete, uncontrolled halide exchange, fully 

replacing Cl- with I. This rapid transformation is evidenced by in situ absorption and PL spectra 

in Figure 3.6 a, b and by the corresponding photographs under ambient and UV light: upon the 

addition of 100 µL of a 50 mM PbI2 stock solution to CsPbCl3 NCs in toluene (absorbance 

adjusted to 1.1 OD at 3.14 eV), the band edge PL of CsPbCl3 suddenly disappeared and both 

the absorption and PL spectra evolved within a few minutes to resemble those of CsPbI3. As 

quantified in Figure 3.6 f, the progress of the halide exchange reaction was accompanied by a 

non-monotonic evolution of the emission intensity: the BE PL of CsPbCl3 suddenly dropped, 

which was ascribed to the formation of defective Cs-I surface layers, followed by the gradual 

increase of ΦPL reaching ~20% in the fully exchanged particles, which is consistent with the 

generally observed higher efficiency of CsPbI3 NCs with respect to the Cl-based analogue12. 

The progress of the anion exchange reaction is reflected also in the luminescence energy. As 

seen in Figure 3.6 g, the PL peak energy moves toward the red until it matches the emission of 

pure CsPbI3 NCs produced by hot injection, indicating that Cl- ions have negligible residual 

solubility in fully exchanged NCs. The close match between the PL of fully exchanged and 

directly synthesized NCs is further highlighted in the inset of Figure 3.6 b. Lowering the PbI2 

concentration in an attempt to slow the exchange also proved ineffective since smaller amounts 

failed to initiate the halide exchange, consistent with the findings of Manna and co-workers61. 

The simultaneous occurrence of rapid, uncontrolled anion exchange and low ΦPL indicates that 

surface defects play an important role in both halide mobility and nonradiative losses. Since 

halide exchange initiates at the surface and propagates inward, we hypothesized that effective 

surface stabilization could restrict anion exchange to the outer shell. At the same time, 

passivation of surface traps would suppress nonradiative recombination, thereby enhancing 

ΦPL and enabling efficient transfer of band-edge excitons from the CsPbCl3 core to the red-

emitting CsPbI3 shell in the desired heterostructure. Guided by this rationale, we investigated 

iodide exchange in CdCl2-treated NCs. 
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The CdCl2:CsPbCl3 NCs dispersion in toluene was prepared under identical conditions to the 

untreated sample, with matched NC concentrations confirmed by optical absorption. As shown 

in Figure 3.6 c, the absorption spectrum of the treated NCs remained essentially unchanged 

following the addition of 100 µL of a 50 mM PbI2 solution. This optical stability was also 

evident visually: while pristine NCs turned deep red under ambient light due to red-shifted 

absorption from extensive iodide incorporation, the treated NCs remained transparent (insets 

of Figure 3.6 a, c). 

In situ PL measurements (Figure 3.6 d) confirmed the formation of a CsPbI3 phase on CdCl2-

treated NCs, revealed by the emergence and gradual intensification of red PL. The evolution 

was slower than in untreated CsPbCl3 NCs, with the PL peak progressively red-shifting before 

stabilizing at ~1.91 eV (650 nm). This energy is ~100 meV higher than that of fully exchanged 

analogues. The offset likely reflects partial Cl solubility in the iodine-rich shell, facilitated by 

the close proximity of particle surfaces that mitigate the otherwise significant lattice mismatch 

between Cl⁻ and I⁻ lattices. This effect may also prevent the formation of a mixed CsPb(Cl1-

xIx)3 phase in fully exchanged particles. Strong quantum confinement of excitons in the CsPbI3 

shell could, in principle, also contribute to the observed PL shift. 

This surface-limited halide exchange in CdCl2-treated particles yielded a markedly enhanced 

ΦPL of ~70% (Figure 3.6 f). This improvement is attributed to exciton recombination within 

the CsPbI3 shell, which contains fewer nonradiative defects than the CdCl2-treated CsPbCl3 

surface. Consistent with the curing effect of CdCl2, the heterostructured NCs exhibited a ~3-

fold increase in efficiency (20% → 70%) relative to CdCl2:CsPbCl3 NCs, in contrast to to the 

>15-fold brightening observed for untreated, defect-rich particles. 

Importantly, the ability to achieve largely Stokes-shifted shell emission with relatively high 

efficiency highlights a unique advantage of inverted type-I lead halide perovskite NC 

heterostructures. We note that this behavior arises from the inherent defect-tolerant nature of 

LHPs. Such a high PL efficiency in inverted type-I heterostructures is not readily attainable in 

conventional semiconductor without additional wide-bandgap overshelling, which is typically 

required to suppress severe surface trapping losses. After completion of the exchange reaction, 

the sample remained stable over time, confirming the successful formation of heterostructured 

NCs with absorption dominated by the CsPbCl3 core and emission originating from the iodine-

rich shell. 
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Figure 3.6. In situ (a) optical absorption and (b) PL spectra recorded during the exchange reaction of 

pristine CsPbCl3 NCs upon PbI2 addition, resulting in complete CsPbCl3-to-CsPbI3 conversion. Inset of 

(b): CsPbI3 band-edge emission from fully exchanged NCs (as in panel b, red line) or heterostructured 

NCs (as in panel d, dashed red line), compared to CsPbI3 NCs obtained via hot-injection synthesis (grey 

shaded area). In situ (c) optical absorption and (d) PL spectra of CdCl2-treated CsPbCl3 NCs upon PbI2 

addition, leading to the formation of CsPbCl3/CsPbI3 core/shell heterostructures. Photographs in (a,c) 

and (b,d) show the final NC solutions under ambient or UV illumination, respectively. (e) PL decay 

curves of pristine CsPbCl3 (dark blue), CdCl2:CsPbCl3 (blue), and CsPbCl3/CsPbI3 heterostructured 

NCs (red) with the shaded area showing the instrument response function. (f) Evolution of the PL 

quantum yield (ΦPL) and (g) PL peak energy (EPL) as a function of exchange reaction time for pristine 

(circles) and CdCl2-treated (triangles) CsPbCl3 NCs. The horizontal line in (g) corresponds to the peak 

energy of the hot-injection synthesized CsPbI3. 

 

Exciton transfer and multiexciton photophysics in CsPbCl3/CsPbI3 heterostructure: 

We next examined the photophysical processes underlying exciton formation in the CsPbI3 

shell and the competing nonradiative pathways. As shown in Figures 3.6 c and 3.6 d, the red 

shell emission at 1.91 eV lacks the counter part in the absorption spectrum. This observation 

reflects the fact that CsPbCl3 constitutes the majority of the heterostructure NC volume, as 

intended, and indicates that the red emission arises from absorption in the CsPbCl3 core 

followed by energy transfer and localization within the iodide-rich shell. 
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Figure 3.7. Steady-state optical absorption (top panel) and ground state bleach spectra (bottom panel) 

of (a, c) CdCl2:CsPbCl3 NCs and (b, d) CsPbCl3/CsPbI3 NCs. Plots (c, d) are the bleach spectra obtained 

at various pump-probe delay times under low excitation fluence corresponding to N < 0.05 excitons 

per NC. 

 

To probe this mechanism and quantify exciton localization dynamics, we carried out transient 

absorption (TA) measurements with 3.35 eV excitation, above the CsPbCl3 bandgap, on both 

CdCl2-reconstructed parent NCs (CdCl2:CsPbCl3) and the heterostructures (CsPbCl3/CsPbI3). 

The TA spectra, recorded under low irradiance conditions corresponding to an average exciton 

occupancy of ⟨N⟩ ≈ 0.05 per NC, are presented in Figure 3.7. In both cases, the spectra reveal 

the characteristic bleach of the 1S transition of CsPbCl3 near 3.17 eV, consistent with their 

steady-state absorption profiles. Due to the limited thickness of the CsPbI3 shell, however, no 

bleach signal was observed in the red spectral region 

Even though both the starting CdCl2:CsPbCl3 NCs and the heterostructure CsPbCl3/CsPbI3 

NCs have similar TA spectral features, their blech kinetics differed significantly. At very low 

excitation fluence (f), where the average number of excitons per NC (N) is < 0.1, the 

CdCl2:CsPbCl3 NCs showed a nearly single-exponential decay with a time constant consistent 

with the PL lifetime of ~2.1 ns (Figure 3.8 a). This  suggests that either residual PL efficiency 

losses occur on a faster timescale than the time resolution of the TA setup or they affect hot 
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excitons, as in B-type blinking.62 On contrary, CsPbCl3/CsPbI3 NCs exhibited a pronounced 

initial decay with τ𝐸𝑇  ~ 60 ps lifetime (Figure 3.8 a). This essentially shows the depopulation 

of excitons at the CsPbCl3 core in favor of the CsPbI3 shell. This fast initial decay is followed 

by a similar ns long decay ( τ𝑋~ 2 ns) observed for the parent CdCl2:CsPbCl3 NCs and ascribed 

to the decay of core excitons that do not localize in the shell domain. Similar behavior has been 

reported for exciton transfer in Mn²⁺, Yb³⁺-doped CsPbX3 (X: Cl, Br) NCs.48, 50, 53 Based on the 

band edge bleach kinetics of the parent and heterostructure NCs, the exciton transfer efficiency 

(𝜙𝐸𝑇) is estimated as 𝜙𝐸𝑇 = (1 −
𝜏𝐸𝑇

𝜏𝑋
) × 100 = 97%. This near-unity 𝜙𝐸𝑇 is consistent with 

the complete disappearance of the core emission observed in Figure 3.6 d. Further we analyzed 

the bleach kinetics for both the samples at high excitation fluence, to analyze the respective 

photophysics in the multiexciton regime. Increasing f corresponding to N ~ 1.6 resulted in 

the development of a fast initial contribution in the TA kinetics of CdCl2:CsPbCl3 NCs due to 

the decay of biexcitons. Consistent with previous report63, 64, the biexciton lifetime,  τ𝑋𝑋  = 6 ps 

(extracted by subtracting the low fluence kinetics from the high fluence) is much shorter than 

the expected radiative lifetime, defined as τ𝑋𝑋,𝑅𝑎𝑑  =  τ𝑋,𝑅𝑎𝑑/4 ≈  500 ps. This shows dominant 

contribution of nonradiative Auger recombination, with efficiency ΦAR ~ 99%. Similarly, at 

high f, the heterostructured NCs also exhibited an additional, faster bleach decay component 

with a lifetime of ~7 ps, closely matching the biexciton lifetime of the parent CdCl2:CsPbCl3 

NCs (inset of Figure 3.8 b). Along with this biexcitonic profile, the heterostructures also 

showed the contribution by core-to-shell exciton transfer, which remained largely unchanged 

across different excitation fluences. Taken together, the heterostructure shows faster Auger 

decay, which is almost an order of magnitude faster than the core-to-shell exciton localization 

lifetime (𝜏𝑋𝑋~
𝜏𝐸𝑇

10
 ). This significant difference in Auger vs exciton delocalization kinetics, 

suggests that the formation of multi excitons at the shell region will be kinetically hindered 

upon core pumping. To test this hypothesis, we conducted fluence-dependent, time-resolved 

PL measurements on the heterostructures. These trPL profiles were compared with pristine hot-

injection synthesized CsPbI3 NCs. As shown in Figure 3.8 c, at low-f values, the shell PL 

follows single-exponential kinetics with a lifetime of ~10 ns, which is slightly faster than the 

emission lifetime of pure CsPbI3 NCs emitting at 680 nm (20 ns, ΦPL ~40%, Figure 3.8 d), 

consistent with the partial alloying with residual Cl. With increasing f, the pristine CsPbI3 NCs 

exhibited the appearance of fast initial decay with lifetime 𝜏𝑋𝑋 ~ 360 ps59, 65, 66, which is 

consistent with the reported multiexcitonic profile.  Interestingly, the PL decay kinetics of the 

CsPbCl3/CsPbI3 NCs remained unchanged for over 4 orders of magnitude of excitation fluence.  
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Figure 3.8. Ground state bleach decay kinetics of CdCl2:CsPbCl3 NCs (blue circles) and the 

heterostructured NCs (red circles) at (a) low excitation fluence (〈𝑁〉 < 0.1) and (b) high excitation 

fluence (〈𝑁〉  ≈ 1.6). The black lines in (a) are fits to a single exponential decay for the parent NCs 

(𝜏 =2.2 ns) or double exponential for the CsPbCl3/CsPbI3 NCs (τ1=60 ps, τ2 =2.1 ns). Insets: (a): 

schematic depiction of exciton localization from the CsPbCl3 core to the CsPbI3 shell. Inset of (b): 

Biexciton (XX) bleach kinetics obtained by subtracting the low fluence bleach dynamics from the high 

fluence one. (c) Normalized PL decay curves of CsPbCl3/CsPbI3 NCs at increasing excitation fluence 

showing nearly single exponential decay and no sign of XX contributions. Curves are vertically shifted 

for clarity. (d) PL decay at low and high exciton occupancy for CsPbI3 NCs obtained by hot injection 

synthesis, highlighting fast initial XX decay component at high fluence. 

 

This confirms the scenario that the fast Auger at the core hinders multi excitonic localization 

into the shell region. This feature of the formed heterostructure is similar to the behavior of 

ultrathick shell CdSe/CdS NCs67, which can be harnessed for designing high-purity single-

photon emitters with no spurious biexciton contributions, even under intense optical pumping.  

Further confirmation of this mechanism was obtained from the fluence-dependent PL intensity 

comparison across the heterostructure and the parent CdCl2:CsPbCl3 NCs (Figure 3.9 a and 

Figure 3.9 b). Both the red emission of the heterostructure NCs and the band edge PL of starting 

parent chloride NCs showed similar saturation behavior with excitation fluence, suggesting 
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that the saturation of the shell emission is determined by state filling and Auger decay in the 

particle core (Figure 3.9 c). We also notice that the fluence-dependent PL measurements on the 

heterostructures reveal a linear, unsaturated growth of a broad emission centered at 2.5 eV 

(Figure 3.9 b), indicative of deep surface defects that do not interfere with core-to-shell carrier 

dynamics. In contrast, CdCl2:CsPbCl3 NCs show no such feature (Figure 3.9 a), confirming 

that this emission originates from the Cl⁻/I⁻ exchange process. The exact nature of this defect-

related emission remains unclear and will be subjected to detailed investigation in future 

studies. However, literature suggests possible mechanisms, including trapping of band-edge 

excitons within undetectable Cs2Pb2Cl2I2 phases at the core/shell interface or deep trap states 

associated with residual undercoordinated halide ions.68, 69 Future studies are required focusing 

on optimizing the emission yield through targeted surface passivation strategies.  

 

 

Figure 3.9. PL spectra of (a)CdCl2:CsPbCl3 NCs, and (b) heterostructured NCs a function of excitation 

fluence. The corresponding iodide band edge PL intensity of the heterostructure is reported in (c) (red) 

together with the parent CdCl2:CsPbCl3 NCs (blue) showing identical trend of the respective band edge 

emission intensities and the linear growth of defect emission at 2.5 eV in heterostructure (black). 

 

3.3.4. The role of surface in achieving heterostructure 

To further elucidate the role of surface chemistry in partial halide exchange, we conducted 

control experiments using CsPbCl3 NCs synthesized following the method reported by Pradhan 

and co-workers, which employs oleyl ammonium chloride as the chloridel precursor58. This 

method produces ammonium-capped NCs with ФPL ≈ 20%, comparable to that of our 

CdCl2:CsPbCl3 NCs. Formation of the CsPbI3 phase in these ammonium-capped NCs required 

substantially larger amounts of PbI2 (400 µL) than in conventional CsPbCl3 NCs, yet the 

resulting red emission was weak and nearly matched the intensity of the defect-related band 
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(Figure 3.10 a). Further increasing the PbI2 concentration to 490 µL had little effect and 

ultimately led to complete conversion to CsPbI3. 

In comparison, red emission was readily achieved in CdCl2:CsPbCl3 NCs of the same 

concentration with only 210 µL of PbI2 (Figure 3.10 b). Moreover, careful adjustment of the 

PbI2 concentration allowed systematic control over the intermediate halide composition. As the 

PbI2 amount increased, the red emission intensified and progressively red-shifted (Figure 3.10 

b), reflecting gradual incorporation of iodide. Importantly, the defect-related emission 

remained nearly constant across all iodide concentrations, indicating that this feature is intrinsic 

to mixed-halide NCs and is independent of iodide content or CdCl2 treatment. 

These control studies reinforce our hypothesis that the surface chemistry of the parent CsPbCl3 

NCs and the density of surface ligands play a decisive role in the formation of the CsPbI3 

domain. Specifically, CsPbCl3 NCs synthesized with 500 µL each of oleic acid and oleyl amine 

yielded optimal results, whereas doubling the ligand volumes to 1 mL each led to less 

controlled halide exchange. This sensitivity reflects the surface-initiated nature of halide 

exchange and underscores the importance of limiting iodide penetration into the core. Under 

these optimized conditions, a thin CsPbI3 shell efficiently harvests excitons generated in the 

CsPbCl3 core and emits red light, thereby realizing the intended heterostructure design with 

large Stokes shifted emission. 

 

Figure 3.10.  Steady-state PL spectra of CsPbCl3/CsPbI3 heterostructure obtained using (a) 

oleylammonium-capped CsPbCl3, and (b) CdCl2:CsPbCl3 as a function of the amount of PbI2 precursor 

using a 50mM PbI2 precursor solution, showing the progressive emergence of CsPbI3 phase PL. 
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3.3.5. The suppressed reabsorption losses in heterostructure NCs 

To highlight the practical advantage of a large Stokes shift in photon management, we evaluated 

the waveguiding performance of CsPbCl3/CsPbI3 NCs over extended optical paths, reaching 

tens of centimeters. For comparison, light propagation experiments were performed on liquid 

waveguides containing toluene solutions of CsPbCl3/CsPbI3 NCs and standard CsPbI3 NCs 

synthesized through hot injection method, each adjusted to the same band-edge absorbance 

(0.1 over 1 mm path length). Emission spectra were collected at one end of the waveguide 

while exciting the solutions at varying distances (d) along its length using a 375 nm laser 

source. 

 

Figure 3.11. Optical absorption and normalized PL spectra as a function of increasing propagation 

distance ‘d’ in toluene solutions with comparable band edge absorbance (0.1 OD) of (a) CsPbI3 and (b) 

CsPbCl3/CsPbI3 NCs. Inset: sketch of experimental geometry. The black spectra correspond to the 

largest distance, d = 21 cm. (c) Normalized integrated PL intensity extracted from panels (a) and (b) as 

a function of d. (d) Photograph of the liquid waveguide containing CsPbCl3/CsPbI3 NCs, showing 

intense PL emission at the opposite end of the guide from the UV excitation spot (λₑₓc = 375 nm). 

 

Figures 3.11 a and 3.11 b present the emission spectra measured orthogonally to the waveguide 

axis and normalized to their low-energy tails, isolating reabsorption losses from geometrical 

contributions to waveguiding. The corresponding spectrally integrated PL intensities are shown 

in Figure 3.11 c. As expected from the small Stokes shift of 82 meV, CsPbI3 NCs exhibited a 

pronounced decrease in PL intensity, with nearly 70% loss across 7 cm of propagation. This 
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was accompanied by a ~12 nm redshift of the emission maximum, reflecting progressive 

reabsorption of the high-energy portion of the PL spectrum as the excitation source was moved 

further from the detector. In contrast, CsPbCl3/CsPbI3 NCs maintained constant emission 

intensity and spectral profile across propagation distances up to 21 cm, demonstrating 

negligible reabsorption due to shell-mediated transitions. The effect is visually captured in 

Figure 3.11 d, which shows the heterostructured NC solution emitting intense red PL from the 

far end of the liquid waveguide, underscoring its excellent waveguiding capability. 

3.3.6. An attempt for type-I heterostructuring 

As discussed above, the heterostructures were realized through surface iodide exchange on 

CsPbCl3 NCs. Because CsPbCl3 possesses a wider bandgap than CsPbI3, this configuration is 

analogous to an inverse type-I core@shell architecture, similar to those achieved in other 

semiconductor nanocrystals. Density functional theory (DFT) calculations performed by Prof. 

Ivan Infante’s group at BCMaterials (Spain) confirmed this inverse type-I band alignment. In 

this CsPbCl3/CsPbI3 heterostructure, excitons generated in the core are delocalized into the 

narrower bandgap CsPbI3 shell. While this architecture enables a large Stokes shift and efficient 

red emission, exciton transfer to the shell is inherently disadvantageous, as carriers become 

more susceptible to surface defects. The relatively high PLQY (~70%) observed here 

underscores the intrinsic defect tolerance of lead halide perovskites, which mitigates these 

losses. 

As a control experiment, we attempted the reverse architecture-type-I heterostructuring via 

chloride exchange on hot-injection-synthesized CsPbI3 NCs. The strategy involved introducing 

excess PbCl2 precursor to majorly replace the iodide lattice, thereby maintaining a CsPbI3 core 

within a chloride-rich giant-shell. In principle, this would lead to exciton generation in the 

CsPbCl3 shell, followed by transfer to the iodide core. As shown in Figure 3.12 a, progressive 

addition of PbCl2 resulted in a steady decrease of absorbance in the iodide region and a 

corresponding increase in absorbance in the higher energy region, characteristic of CsPbCl3 

band-edge transitions, confirming chloride incorporation. However, the corresponding PL 

traces (Figure 3.11 b-c) revealed a progressive diminishing of the red emission. At 75 µL PbCl2, 

a broad defect-related emission emerged, similar to that observed in the inverse type-I case, 

and eventually blue emission dominated once the red emission was completely lost. This 

behavior likely reflects complete conversion of CsPbI3 into CsPbCl3 at higher chloride 

precursor concentrations. 
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Overall, the attempt to form a type-I heterostructure through simple halide exchange proved 

unsuccessful, consistent with the limited solubility of chloride in iodide lattices61. In this 

architecture, the wide-bandgap CsPbCl3 shell acts as the primary exciton generation site, but 

its surfaces are intrinsically more defective than those of Br- or I-based perovskites. As a result, 

excitons formed in the chloride shell might have rapidly trapped before they can transfer to the 

iodide core, preventing Stokes-shifted emission. 

In contrast, the CsPbCl3/CsPbI3 inverse type-I heterostructure represents a viable strategy for 

achieving Stokes-shifted emission in lead halide perovskites. Despite the unfavorable exciton 

delocalization into the shell, the defect-tolerant nature of perovskites enables significant PL 

efficiency, making this architecture effective for photon management applications. 

 

 

Figure 3.12. (a) Evolution of absorption spectral profile of pristine CsPbI3 NCs upon addition of 

different amounts of 50 mM PbCl2 stock solution. Corresponding PL traces recorded with time 

following the addition of (b) 25 µL PbCl2, (c) 50 µL PbCl2, and (d) 75 µL PbCl2-showing progressive 

weakening of red emission. 
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3.4. Conclusions 

Here we established a robust strategy for engineering perovskite heterostructures that features 

large apparent Stokes shifts with suppressed reabsorption losses. This was achieved by 

stabilizing CsPbCl3 NCs with post-synthetic CdCl2 surface treatment and partially exchanging 

surface halides to form CsPbCl3/CsPbI3 core/shell architectures. CdCl2 passivation proved 

critical, confining iodide incorporation to a thin shell, thereby enabling efficient exciton 

transfer from the Cl-rich core to the I-rich shell. 

Time-resolved spectroscopy together with DFT modeling confirmed the presence of an 

inverted type-I band alignment, characterized by ultrafast (~60 ps) core-to-shell exciton 

transfer and kinetically hindered biexciton localization in the shell-an advantageous 

combination for high-purity single-photon emission. Most importantly, waveguiding 

experiments demonstrated complete suppression of reabsorption, in sharp contrast to the 

pronounced optical losses observed in CsPbI3. 

These findings provide proof-of-principle that wavefunction engineering, long considered 

unattainable in halide perovskites due to rapid halide interdiffusion, can be realized through 

surface-mediated exchange chemistry. Beyond advancing the fundamental understanding of 

exciton dynamics in perovskite heterostructures, this work outlines a promising route toward 

reabsorption-free perovskite NCs for photonic applications, including optical fibers, 

scintillators, quantum light sources, and luminescent concentrators. Overall, this study 

demonstrates the feasibility of controlled heterostructuring in lead halide perovskites and opens 

new opportunities for advancing perovskite nanophotonics. 
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4.1 Preface 

The preceding chapters have traced the evolution of heterostructuring strategies across diverse 

classes of semiconductor NCs. Beginning with II-VI QDs as archetypal systems, the discussion 

in chapter 1 established the foundational principles of band alignment and interface 

engineering. The subsequent exploration of III-V NCs highlighted both the promise and the 

persistent challenges of heterostructure formation, exemplified through the case study of InAs. 

Chapter 3 then turned to perovskite NCs, where the highly ionic nature of the lattice 

complicates the realization of robust heterostructures. Together, these chapters have 

underscored the central role of heterostructuring in tailoring optical and electronic properties 

of the emitters, while also revealing the limitations inherent to purely semiconducting 

platforms. They collectively demonstrate that, although direct engineering of the emitters 

themselves can substantially improve their optical performance, such approaches ultimately 

face intrinsic limits. This motivates a shift toward heterostructuring strategies that do not 

modify the emitter directly but instead reshape its local environment, enabling enhanced optical 

properties through external environment modulation rather than emitter-centric design. 

So, this chapter marks a deliberate transition from QD heterostructures to a distinct class of 

nanoscale building blocks: metal nanoparticles. Unlike semiconductors, metals support 

collective oscillations of conduction electrons- termed as localized surface plasmon resonances 

(LSPR)-giving rise to intense electromagnetic fields confined to nanoscale volumes near the 

particle. These plasmonic resonances are highly tunable through particle size, shape, and 

dielectric environment, and enable significant enhancement of light-matter interactions in their 

near fields. In this sense, plasmonics offers a complementary route to heterostructure design, 

one that leverages electromagnetic confinement rather than band engineering, introducing a 

fundamentally different paradigm for manipulating optical processes. 

Harnessing these plasmonic electromagnetic field in hybrid nanostructures presents a critical 

challenge: the same strong near-fields that amplify radiative processes can also introduce non-

radiative pathways, leading to quenching of PL. To mitigate this, shelling strategies-most 

notably encapsulation of these nanoparticles within dielectric shells have emerged as essential.  

Within this framework, this chapter introduces the heterostructures of dielectric-silica coated 

silver nanoparticles (Ag@SiO2) as a model system for plasmonic-emitter coupling. The 

subsequent work demonstrates how these heterostructures can be integrated with 

semiconducting polymers as emitters to achieve Purcell enhancement, a phenomenon wherein 
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the spontaneous emission rate is increased by tailoring the local photonic environment utilizing 

the LSPR. Notably, we also extend this Purcell enhancement to   radioluminescence (RL) with 

co-sensitization using high-Z HfO2 nanoparticles, establishing a synergistic pathway for RL 

control. 

Thus, Chapter 4 expands the scope of heterostructuring beyond conventional semiconductor 

NCs, introducing plasmonic architectures as powerful tools for manipulating light-matter 

interactions. By highlighting the shift from band-engineered semiconductor heterostructures to 

field-engineered plasmonic heterostructures, this chapter establishes heterostructuring as a 

transformative direction for next-generation nanoscale photonics. 

4.2. Introduction 

The previous chapters showed how the optical response of a material can be tailored by 

engineering at the emitter level. This emitter-centric design philosophy has long dominated the 

field: if one wanted to tune emission wavelength, lifetime, or quantum efficiency, the obvious 

strategy is to modify the emitter’s structural integrity, and thus its electronic properties. These 

methods-powerful as they are-operate by fundamentally altering the material at the atomic or 

nanoscale level, embedding the desired optical behavior directly into the emitter’s physical 

identity. 

As the field progressed, a different perspective has been established, that the optical properties 

of an emitter need not be dictated solely by its internal structure. Instead, they could be 

profoundly influenced by the environment in which the emitter resides. This shift marked a 

conceptual turning point: rather than redesigning the emitter, one could redesign the 

electromagnetic landscape around it. By shaping the modes of the surrounding field, it became 

possible to tune emission characteristics without modifying the emitter at all. 

This idea-subtle yet transformative-holds immense promise as the spontaneous emission, long 

regarded as an inherent property of the emitter, could be enhanced, suppressed, or redirected 

simply by manipulating the photonic environment. The transition from emitter-centric 

engineering to environment-centric photonic design set the stage for one of the most influential 

discoveries in modern optics: the Purcell effect1, 2. 

Within the framework of quantum electrodynamics, spontaneous emission is fundamentally a 

probabilistic process. An excited emitter does not release a photon at a predetermined moment; 

instead, emission occurs through the coupling of the emitter’s dipole moment to the 
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electromagnetic modes available in its surrounding environment. Because these vacuum modes 

fluctuate randomly, the exact instant of photon emission is intrinsically unpredictable. What 

emerges from this probabilistic mechanism is the familiar exponential PL decay profile, a 

statistical signature of the underlying randomness. This perspective immediately translates to 

a powerful idea: if spontaneous emission is governed by the number and nature of 

electromagnetic modes available to the emitter, then modifying these modes should directly 

modify the emission probability. The quantity that captures this is the local density of optical 

states (LDOS) - a measure of how many electromagnetic modes exist at a given position and 

frequency2. By engineering LDOS, one can reshape the emission dynamics without altering 

the emitter itself. This marks a conceptual shift away from the traditional emitter-centric 

approach, where emission properties were tuned by modifying the emitter’s structure, 

composition, or band configuration. 

The breakthrough came with the discovery that placing an emitter inside a resonant cavity 

whose mode matches the emitter’s transition frequency can dramatically increase the emission 

rate. In this picture, the cavity acts more like an “acoustic amplifier” for photons: it stores 

electromagnetic energy, reinforces specific resonant modes, and increases the LDOS at the 

emitter’s location. The degree of enhancement is quantified by the Purcell factor, given by: 

𝐹𝑃 =
3

4𝜋2
(

𝜆

𝑛
)

3 𝑄

𝑉
 

where 𝑄is the quality factor of the cavity and 𝑉is the mode volume. This expression reveals 

two levers for controlling spontaneous emission: 

• high Q, which increases the photon lifetime inside the cavity, and 

• small mode volume, which concentrates the electromagnetic field spatially. 

Early demonstrations of Purcell enhancement focused on dielectric cavities, which naturally 

offer very high-Q due to their negligible absorption losses. These structures - such as dielectric 

cavities, can trap light for long durations, enabling strong emitter-cavity coupling. However, 

dielectric cavities face a fundamental limitation: their mode volume, 𝑉cannot be reduced below 

the diffraction limit, typically on the order of (𝜆/2𝑛)3. This constraint restricts the maximum 

achievable Purcell enhancement. 

This limitation motivated the exploration of plasmonic nanostructures, which offer a radically 

different mechanism for confining light. Metal NPs contain a high density of free electrons, 



 

 

118 
4. Beyond Emitter-Centric Designs: 

Plasmonic Heterostructures for 

Photonic Environment Modulation  

and when illuminated by light, the electric field of the incident wave displaces this electron 

cloud relative to the positively charged lattice. The restoring force exerted by the lattice pulls 

the electrons back, leading to a collective oscillation of the electron gas. This oscillatory 

motion-known as a localized surface plasmon resonance (LSPR) - behaves like a driven, 

damped harmonic oscillator. When the frequency of the incident electromagnetic field matches 

the natural frequency of this electron oscillation, the nanoparticle supports a strong plasmonic 

resonance3, 4. At resonance, the NP can concentrate electromagnetic fields into volumes far 

below the diffraction limit, often down to just a few nanometers. This extreme confinement 

produces a dramatic increase in LDOS, making plasmonic nanoparticles exceptionally 

effective platforms for modifying spontaneous emission. To harness this enhanced LDOS, 

emitters are typically near-field coupled to the plasmonic nanoparticles (PNPs). In this regime, 

the emitter interacts not with the radiative far-field but with the intense, localized near-field 

generated by the LSPR. Although plasmonic resonances exhibit orders-of-magnitude lower Q 

than dielectric cavities-a consequence of ohmic losses, surface scattering, and radiative 

damping- their ability to confine light to sub-nanometer mode volumes more than compensates 

for the low 𝑄. This is why plasmonic systems, despite their broad resonance linewidths, can 

achieve exceptionally high Purcell enhancements. 

However, despite the remarkable ability of PNPs to concentrate electromagnetic fields into 

ultrasmall volumes, directly coupling an emitter to a metal nanoparticle is not straightforward. 

When the emitter is placed too close to the metal surface, the interaction is no longer dominated 

by radiative enhancement. Instead, a competing non-radiative pathway becomes 

overwhelmingly strong: plasmon-induced back energy transfer into the metal, commonly 

referred to as quenching5-9. If the emitter is positioned within a few nanometers of the metal 

surface, its excited-state energy can be transferred non-radiatively into these electronic modes 

rather than being emitted as a photon. In essence, the emitter transfers its energy into the metal, 

where it is dissipated as heat. This process is conceptually analogous to Forster resonance 

energy transfer (FRET), where energy is transferred non-radiatively from a donor to an 

acceptor through dipole-dipole coupling. In the case of plasmonic quenching, the metal NP acts 

as a broadband acceptor with an enormous density of states, making the energy transfer 

extremely efficient at short distances. As a result, the radiative emission is suppressed, despite 

being placed near a structure capable of enhancing LDOS. This challenge motivates the 

requirement for heterostructuring in plasmonic systems. By introducing a dielectric spacer 

layer between the emitter and the metal NP, one can suppress the non-radiative back-transfer 
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while still allowing the emitter to access the intense near-field of the plasmon. The spacer 

effectively tunes the separation distance, enabling a delicate balance: 

• too near, and quenching dominates; 

• too far, and the emitter no longer experiences the enhanced LDOS; 

• at an optimal distance, Purcell enhancement is maximized. 

Achieving this idealized separation is therefore central to harnessing plasmonic Purcell 

enhancement in practical systems. In this work, however, our primary motivation for 

engineering such plasmon heterostructures extends beyond conventional PL enhancement. 

While the literature contains an enormous body of studies on Purcell-enhanced emission across 

a wide range of material classes-including QDs, molecules, color centers, and semiconductor 

nanostructures10-19-the experimental demonstration of Purcell-enhanced scintillation remains 

remarkably limited. Most reported efforts rely on high-Q dielectric cavities to manipulate 

spontaneous emission, a strategy that is difficult to translate into scintillating systems due to 

their broadband excitation, complex relaxation pathways, and the need for robust, 

radiation-hard architectures. 

In contrast, the present work explores the potential of plasmonic heterostructures as a versatile 

and experimentally accessible platform for accelerating scintillation dynamics. Scintillation-

the conversion of ionizing radiation into visible photons-is a fundamental process in 

technologies spanning medical imaging, high-energy physics, homeland security, and 

industrial inspection20. The performance of these systems depends on two key metrics: light 

yield, which determines detection sensitivity, and decay time, which governs timing resolution 

and event discrimination. Conventional inorganic scintillators such as NaI:Tl, CsI:Tl, and 

LYSO offer high light yield and excellent energy resolution, yet their slow decay times, high 

fabrication costs, and mechanical rigidity limit their use in fast-timing or large-area 

applications21-23. Plastic scintillators, by contrast, are lightweight, inexpensive, and easily 

manufactured into flexible or large-area geometries24-26. However, their intrinsically low 

atomic number severely limits their ability to absorb high-energy photons, restricting their 

utility in γ-spectroscopy and reducing overall detection efficiency. To overcome this trade-off, 

recent efforts have focused on hybrid and nanocomposite scintillators, where high-Z or 

luminescent nanostructures are embedded within polymer matrices. These nanostructures act 

as sensitizers, converting incoming ionizing radiation into energetic secondary electrons that 
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excite nearby organic emitters on ultrafast timescales27-37. Such approaches have successfully 

enhanced light yield without sacrificing temporal performance. 

Yet, despite these advances, control over the fundamental radioluminescence (RL) kinetics-the 

speed at which scintillation photons are emitted-remains limited. This is particularly critical 

for emerging applications in fast timing, coincidence detection, and radiation quantum sensing, 

where the ability to manipulate emission rates at the nanoscale could unlock better temporal 

resolution and new detection modalities. While nanocomposite scintillators have improved 

absorption and light yield, they have not provided a clear pathway to actively engineer the 

radiative decay rate itself. 

This gap motivates the central focus of the present work: demonstrating that plasmonic Purcell 

enhancement can be harnessed to accelerate scintillation, similar to accelerating PL kinetics38-

41. This is realized with plasmonic heterostructure of silica coated silver nanoparticles 

(hereafter referred to as Ag@SiO2) with a semiconducting conjugated polymer- poly(9,9-

dioctylfluorene) (PFO) as the scintillator material. 

The suitability of polyfluorene-based material as the scintillator choice is primarily from their 

intrinsically fast radiative decay, a consequence of exciton delocalization along multiple repeat 

units of the polymer backbone42, 43. This delocalization enhances oscillator strength-similar to 

the “giant oscillator strength” effect in traditional semiconductor systems-and enables spectral 

tunability. As a result, polyfluorenes typically exhibit sub-nanosecond radiative lifetimes 

together with near-unity PLQY. However, realizing Purcell-enhanced scintillation in 

conjugated polymers requires overcoming a long-standing limitation: their strong tendency to 

form π-π stacked aggregates in the solid state, whether in deposited films or polymer blends. 

Such aggregation promotes the formation of excimeric or dimeric species that quench the PL, 

broaden emission spectra, and introduce slower decay components that undermine the ultrafast 

response intrinsic to isolated polymer chains44-50. In this work, we show that this drawback is 

naturally mitigated when conjugated polymers are blended with appropriately chosen 

nanoparticles that also serve as scintillation sensitizers. The nanoparticles disrupt interchain 

packing, suppressing aggregation and restoring the isolated-chain photophysics responsible for 

high emission efficiency. 

Building on this principle, we introduce a fully solution-processable hybrid scintillator that 

integrates plasmonic near-field enhancement with high-Z sensitization. Our system combines 

PFO as the scintillating polymer, hafnium oxide (HfO2) nanoparticles as transparent high-Z 
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sensitizers, and the heterostructure of silica-coated silver nanoparticles (Ag@SiO2) as PNPs, 

serving as nanoantenna. This architecture represents the first demonstration of a hybrid 

nanocomposite scintillator in which high-Z energy deposition and Purcell-mediated radiative 

acceleration operate synergistically. Embedding these components within a poly(methyl 

methacrylate) (PMMA) matrix preserves high scintillation intensity while reducing the 

required PFO loading and overall material cost. The HfO2 nanoparticles enhance radiation 

stopping power without compromising optical properties and simultaneously introduce mild 

structural disorder that suppresses π-π stacking and β-phase formation in PFO, thereby 

recovering the high-yield emission characteristic of isolated chains. The silica-coated silver 

nanoparticles are engineered to spectrally overlap with both the PL and RL of PFO while 

preventing emission quenching, enabling controlled plasmon-exciton coupling at an optimized 

separation. 

The resulting PFO/ HfO2/Ag@SiO2 nanocomposite unifies high-Z sensitization, efficient 

energy transfer, and LDOS modulation within a single scalable platform. Steady-state and 

time-resolved spectroscopies reveal a clear correlation between plasmonic coupling and 

radiative lifetime shortening, providing direct evidence of Purcell enhancement under ionizing 

excitation. Overall, this integrated strategy establishes a clear experimental demonstration of 

plasmonic heterostructures enabling Purcell-enhanced RL in soft-matter scintillators, 

establishing quantitative design guidelines for next-generation hybrid organic scintillators that 

combine high light yield, ultrafast response, and scalable fabrication. 

4.3. Results 

4.3.1. Sample synthesis and characterization 

Synthesis of silver nanoparticles (AgNP) Silver nanoparticles with an average diameter of 

32 nm were synthesized using the polyol reduction method, in which ethylene glycol functions 

both as a high-boiling solvent and as the reducing agent for silver ions51-57. 

Polyvinylpyrrolidone (PVP) was employed as a capping and stabilizing polymer to control 

particle size and prevent aggregation. In a typical procedure, 1.5 g of PVP was dissolved in 

6 mL of ethylene glycol in a 50 mL round-bottom flask using sonication and stirring, after 

which 100 mg of AgNO3 was added. The mixture was then heated at 125 °C for 1 hour. The 

resulting PVP-stabilized silver nanoparticles were purified by washing with excess acetone as 

an antisolvent to remove unreacted precursors and excess PVP, followed by collection through 

centrifugation. 
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Silica coating of silver nanoparticles (Ag@SiO2) Silver Silica-coated silver nanoparticles 

was synthesized using a modified Stöber process, in which tetraethoxysilane (TEOS) 

condenses onto the hydroxyl groups of the PVP capping layer58-63. First, the PVP-stabilized 

silver nanoparticles were redispersed in 140 mL of ethanol, followed by the addition of 4 mL 

of ammonium hydroxide solution (~30%, aqueous) under stirring. Subsequently, 750 µL of 

TEOS was added, and the mixture was stirred for 30 minutes before introducing a second 

750 µL aliquot of TEOS. After 30 minutes following the second TEOS addition, half of the 

reaction mixture was removed, centrifuged at 7830 rpm for 10 minutes, and the resulting 

precipitate was redispersed in water. These particles were then washed repeatedly with water 

and ethanol by centrifugation. The remaining half of the reaction mixture was allowed to react 

for an additional 3 hours to form a thicker silica shell, and was purified using the same 

procedure. In both cases, the final silica-coated nanoparticles were redispersed in 5 mL of 

ethanol. The resulting two batches produces Ag@SiO2 heterostructures with silica shell 

thickness around 7 nm and 30 nm (Figure 4.1 b, d, and e). The EDX elemental mapping of 

these heterostructures are given in Figure 4.2. Importantly, the 7 nm silica-shelled 

heterostructure exhibits a plasmon resonance that aligns precisely with the PL and RL spectra 

of PFO, and its shell thickness is optimized to maximize plasmon-emitter coupling. Therefore, 

this is the heterostructure extensively employed in this study to demonstrate Purcell-enhanced 

PL and RL. 

Synthesis of HfO2 NPs HfO2 NCs were synthesized by the high-temperature thermal 

decomposition of hafnium trifluoro acetate (Hf(CF3COO)4), prepared by dissolving HfCl4 in 

trifluoroacetic acid, following a reported procedure64. To obtain the precursor, 9.6 g of HfCl4 

was dissolved in 50 mL of trifluoroacetic acid and stirred at 40 °C overnight. The resulting 

white reaction mixture was then dried using a rotary evaporator, yielding powdered 

Hf(CF3COO)4. For NC synthesis, 3.15 g of this precursor powder was dispersed in 50 mL of 

oleylamine (OAm) and degassed at 110 °C under vacuum for one hour. The mixture was then 

heated to 330 °C under an inert atmosphere. After approximately 30 minutes, the solution 

became colorless, indicating the onset of particle nucleation. The nanocrystals were allowed to 

grow for an additional 15 minutes before the reaction flask was removed from the heating 

mantle and allowed to cool naturally to room temperature. Purification was carried out by first 

flocculating the NCs with 120 mL of acetone and centrifuging at 7830 rpm for 3 minutes. The 

precipitate was redispersed in 40 mL of toluene and washed three times by flocculation with 

160 mL of ethanol. The resulting white NCs were dried under vacuum and redissolved in 
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chloroform. A typical synthesis yielded approximately 1.3 g of HfO2. The resulting NPs exhibit 

a quasi-spherical morphology with an average diameter of 4.2 ± 1.9 nm (Figure 4.1 a, size 

histogram in Figure 4.1 c).  

Ligand functionalization of HfO2 NPs  For polymer nanocomposite preparation, the native 

OAm ligand shell was partially exchanged with bis(2-(methacryloyloxy)ethyl) phosphate 

(BMEP) to introduce polymerizable methacrylate groups and improve NPs-matrix bonding. 

Ligand exchange was performed by stirring the OAm-capped HfO₂ NPs with a controlled 

amount of BMEP in chloroform overnight, followed by repeated precipitation and redispersion. 

As discussed by Pei et al., the degree of surface modification can be tuned via the BMEP/HfO₂ 

feed ratio64; in this work we used 50% BMEP exchange, corresponding to an approximately 

1:1 molar ratio of OAm and BMEP ligands on the NP surface, which was previously identified 

as an optimal compromise between solubility and surface monomer density. The final organic 

composition in our samples our NPs contain 84 wt% HfO₂, 9 wt% BMEP and 7 wt% OAm.  

 

 

Figure 4.1. TEM images of (a)HfO2 nanoparticles, and (b) Ag@SiO2 nanoparticles with the optimized 

silica shell thickness used for demonstrating the Purcell enhancement in the main text. Size histograms 

for (c) HfO2 NPs (d) silver core diameter, and (e) silica shell thickness of Ag@SiO2 
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Figure 4.2. EDX elemental maps of Ag@SiO2 heterostructures with varying silica shell thickness as 

~7nm (upper panel) and ~30nm (lower panel). All scale bars correspond to 100nm. 

 

Film fabrication PFO and PMMA were dissolved in toluene at total concentration 1mg mL⁻¹, 

maintaining 1wt% of PFO. For the PFO/PMMA/HfO₂, and PFO/PMMA/HfO₂/Ag@SiO2 

nanocomposites, the desired amount of HfO2 nanoparticles (10-50 wt %) and Ag@SiO₂ 

nanoparticles (0.05wt %) were dispersed into this mixture by ultrasonication.  Films were 

deposited by drop casting onto glass (for optical spectroscopic measurements) or teflon 

substrate (for RL measurements). 

4.3.2. Optical spectroscopic and radioluminescence studies 

Instrumentation: Optical absorption spectra of PFO in toluene was recorded using an Agilent 

Cary 50 UV-Vis spectrophotometer. PL measurements of the PFO solution and the 

nanocomposites were performed with a Varian Cary Eclipse fluorescence spectrometer, 

exciting the samples at 3.26 eV (380 nm). PL quantum yield measurements were performed on 

the nanocomposites using an integrating sphere coupled to a spectrometer, a charge-coupled 

device and using 3.26 eV (380 nm) continuous laser as excitation source. For ultrafast time-

resolved PL (TRPL) measurements, the samples were excited by frequency-doubled 

Ti:sapphire laser (Eexc = 3.26 eV, pulse duration ~150 fs, repetition rate ~ 76 MHz), the emitted 

light was collected with Hamamatsu streak camera (time resolution < 10 ps). Raman maps were 

collected using a Labram Dilor spectrometer coupled to an Olympus BX40 optical microscope 

with a 10x objective lens resulting in a spectral and lateral resolution of about 1 cm-1 and 1  μm, 

respectively. Spectra were acquired in backscattering configuration using a 633 nm He-Ne 

laser as the excitation source. Raman maps were obtained on a square matrix of points on a 

Ag Lα1 Si Kα1 O Kα1 Overlapped

Ag Lα1 Si Kα1 O Kα1 Overlapped

100 nm
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100 μm x 100 μm area, with a step of 1 μm.   Maps were reconstructed through the analysis of 

the ratio between the signal at 1250 cm-1 and that at 1605 cm-1. For RL spectral measurements, 

unfiltered X-rays were produced using a Philips PW2274 X-ray tube with a tungsten target, 

equipped with a beryllium window and operated at 20 kV to produce a continuous X-ray 

spectrum through bremsstrahlung. The scintillation light was detected using a liquid-nitrogen-

cooled, back-illuminated, UV-enhanced CCD detector (Jobin Yvon Symphony II), coupled to 

a monochromator (Jobin Yvon Triax 180) with a 100 lines/mm grating. CL maps were acquired 

using an electron beam current of 300 pA and an accelerating voltage of 5 kV. The time-

resolved RL was measured using a pulsed X-ray source consisting of a 405 nm ~70-ps pulsed 

laser hitting the photocathode of an X-ray tube (N5084, Hamamatsu) set at 40 kV. The emitted 

scintillation light was collected using an FLS980 spectrometer (Edinburgh Instruments) 

coupled to a PicoHarp 300 hybrid photomultiplier tube operating in TCSPC mode.  

 

Photophysical studies: PFO (CAS 19456-48-5, Mw = 2.6×10⁵ g/mol; high-purity grade; 

(molecular structure in Figure 4.3 a) was purchased from Ossila and used without further 

purification. Its optical response in dilute chloroform solution (Figure 4.3 b) displays the 

characteristic π–π* absorption band at 388 nm and a well-resolved vibronic photoluminescence 

progression with maxima at 417 nm (0–0), 448 nm (0–1), and 478 nm (0–2). The emission 

quantum yield, ФPL is 87 ± 8%, and the photoluminescence decay is essentially 

single-exponential with a lifetime τsol ≈ 350 ps (vide infra), confirming PFO as a suitable 

ultrafast emitter. 

The synthesized HfO2 nanoparticles, owing to their wide electronic bandgap (~5.6 eV) exhibit 

no detectable sub-bandgap absorption in the UV-visible range. Consequently, they do not 

reabsorb PFO emission, validating their role as optically transparent high-Z sensitizers. 

The ~7.6 nm silica-shelled silver nanoparticles display LSPR band precisely matched to the 

main PFO emission peak at 417 nm, enabling controlled plasmon-exciton coupling in the 

composite. Based on quasi-static Mie dipole modeling of core@shell spheres, the Ag core 

radius was set to 13.516 nm, while the SiO2 shell thickness (~7.68 nm) was selected as the 

minimum required to suppress quenching of PFO emission and to maintain a stable dielectric 

separation for reproducible plasmonic coupling. Figure 4.3 c presents the calculated and 

experimental extinction spectra of the nanoparticles, along with the simulated field-intensity 

distribution ∣ 𝐸 ∣2∝∣ 𝐸𝑥(𝑥, 𝑧) ∣2/∣ 𝐸0 ∣2under z-polarized illumination propagating along +x at 

λ = 417 nm. The resulting spectral overlap with the polymer emission (highlighted in Figure 
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4.3 b) establishes optimal conditions for plasmon-emitter coupling and radiative-rate 

enhancement in the composite films. 

We began by analyzing how PFO behaves when incorporated into solid matrices. Conjugated 

polymers are known to undergo significant intermolecular aggregation in the solid state due to 

π-π stacking between adjacent backbones, and PFO is no exception. This aggregation typically 

drives the formation of the crystalline β-phase, in contrast to the more disordered α-phase, 

where chains adopt twisted conformations and remain largely isolated. The β-phase’s increased 

chain planarity enhances interchain interactions, promoting low-ФPL dimer formation and 

facilitating exciton migration to nonradiative trap sites, which together reduce emission 

efficiency and spectral purity. Controlling such aggregation remains a major challenge in 

plastic electronics, especially for long-chain, non-ionic polymers like PFO. These materials are 

generally incompatible with supramolecular encapsulation strategies that rely on ionic 

interactions-such as wrapping with wide-bandgap polymers (e.g., polyethylene oxide, 

amylose) or incorporating cyclodextrin-based polyrotaxanes. Likewise, blending PFO with 

inert polymers has shown limited success except at extremely low PFO loadings, which are 

unsuitable for scintillation applications due to insufficient emissive content. Even at low 

concentrations, long polymer chains can still fold and form intra-chain aggregates reminiscent 

of β-sheet structures in proteins, and polymer mixtures tend to phase-segregate without strong 

specific interactions, further promoting aggregation. Consistent with these trends, casting neat 

PFO films on glass results in an ~80% drop in ФPL compared to dilute solution (from 87% to 

18%), accompanied by a much faster nonradiative decay (τfilm =120 ps) and a PL spectrum 

dominated by the β-phase emission at 437 nm (Figure 4.5). Notably, it has been previously 

reported that even ~0.5% β-phase content is sufficient to dominate the PL spectrum through 

the red-shifted S₁→S₀ vibronic transition. 
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Figure 4.3. (a) Chemical structure of poly(9,9-dioctylfluorene) (PFO). (b) UV-vis absorption spectra 

(dashed line) and PL (solid) of PFO solution in toluene, green mark on the top indicates the overlapping 

vibronic maxima of PFO and plasmonic resonance of Ag @SiO2(7nm) at 417nm and (c) Experimental 

extinction spectrum of Ag@SiO2(7nm) (black) together with FDTD simulated extinction (green) for a 

single nanoparticle embedded in silica shell. The inset shows the calculated near-field intensity 

distribution at plasmon resonance wavelength.   

 

To counteract these effects, PFO was incorporated into a PMMA matrix. Increasing the PFO 

content led to a steady decline in PLQY accompanied by faster emission kinetics (Figure 4.4). 

For subsequent studies, a loading of 1 wt% PFO was selected: higher concentrations caused 

pronounced PL quenching, whereas lower concentrations would reduce the emissive density 

below what is necessary for reliable radioluminescence detection. This composition therefore 

provided an effective compromise between emissive efficiency, material cost, and the 

suppression of concentration-induced quenching balanced emissive content. 
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Figure 4.4.  PLQY and PL lifetime of different loadings of PFO into PMMA matrix 

 

With this composition established, we introduced increasing amounts of HfO2 NPs (hereafter 

referred as NPs) into the PFO/PMMA blend. Remarkably, the addition of HfO2 produced a 

strong recovery of optical performance (Figure 4.5). The PL spectrum progressively shifted 

toward an α-phase-like profile (Figure 4.5 a), and ФPL increased to ~80% (Figure 4.5 c), 

approaching the value of isolated chains in solution. Time-resolved PL measurements showed 

a corresponding recovery of the excited-state lifetime with increasing nanoparticle content, 

consistent with reduced nonradiative decay pathways and restoration of radiative-dominated 

emission (Figure 4.5 b). A full comparison of ФPL and lifetimes for PFO/PMMA/ HfO2 films 

up to 50 wt% nanoparticle loading (Figure 4.5 c) shows that ФPL recovery saturates at ~30 wt% 

HfO2. This composition was therefore selected as the optimized nanoparticle loading for the 

subsequent Purcell-enhanced scintillator architecture. 
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Figure 4.5. (a) PL spectra of PFO in chloroform solution (black), PFO incorporated into PMMA matrix 

(blue), and PFO/PMMA films containing 30 wt% HfO₂ NP, red). (b) Time-resolved PL profiles of the 

sample set (color coded for the same HfO2 NPs loading as in c). (c) PLQYs and average lifetimes 

extracted for PFO solution, PFO/PMMA and PFO/PMMA films with increasing loading of HfO₂ NP 

represented as [NP] (wt%). 

 

 

Figure 4.6. (a)  Raman spectra highlighting changes in the 1255 cm⁻¹/1605 cm⁻¹ ratio, indicating 

reduced β-phase content upon incorporating 30 wt% HfO2 NPs (lower panel) relative to bare 

PFO/PMMA blend (upper panel). The spectra are normalized and shifted vertically for clarity. Inset: 

enlarged view of 1255 cm⁻¹ peak, characteristic of β-phase PFO. (b) Raman-mapping false color images 

comparing the spatial distribution of β-phase fraction in PFO/PMMA and PFO/PMMA-HfO2 (30 wt%). 
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Figure 4.7. (a) RL spectra of the sample set with different loading of the HfO2 nanoparticles 

normalized to the RL intensity of the bare PFO/PMMA blend (labelled as 0 wt%). (b) Integrated RL 

intensity as a function of HfO2 NP loading relative to the value for the bare PFO/PMMA blend. Inset: 

RL/PL intensity ratio, which isolates the net high-Z-sensitization enhancement of the scintillation 

intensity from the effect of increasing ΦPL. Above ~10 wt% of NP, the RL/PL ratio saturates at ~ 6-fold 

increase, indicating that all emitting domains in the sample are activated under ionizing excitation.  

 

Raman spectroscopy provides additional evidence for the morphological stabilization induced 

by HfO2 NPs incorporation. Following the analysis framework of Perevedentsev et al., the ratio 

between the 1255 cm⁻¹ band (in-plane C-H bending/C-C stretching) and the 1605 cm⁻¹ aromatic 

ring-stretching mode serves as a quantitative indicator of β-phase content. In the PFO/PMMA 

blend, this ratio is high due to the pronounced 1255 cm⁻¹ peak, consistent with substantial 

β-phase formation (Figure 4.6 a, upper panel). Upon addition of HfO2 NPs, however, the 1255 

cm⁻¹ feature is nearly eliminated (Figure 4.6 a, lower panel). Raman mapping over a 30 μm×80 

μm area (Figure 4.6 b), using the 1255/1605 cm⁻¹ intensity ratio as the β-phase marker, further 

confirms this suppression. The maps show a pronounced decrease in β-phase content and reveal 

a spatially uniform α-phase distribution throughout the composite film once HfO2 is 

incorporated. To ensure that the improved optical performance arises from the NPs themselves 

rather than from their organic surface ligands (BMEP and oleylamine), we performed control 

measurements on PFO/PMMA blends containing only the ligand mixture at concentrations 

matching those in the HfO2-loaded samples (Figure 4.8). These controls exhibited no detectable 

changes in spectral shape, ФPL, or PL decay dynamics. Taken together, these results 

demonstrate that HfO2 NPs act as effective physical dispersants, homogenizing the polymer 

matrix and suppressing local ordering responsible for β-phase formation. 
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Figure 4.8. Time-resolved PL decays extracted from streak-camera measurements for PFO/PMMA 

films containing (green) a mixture of BMEP and oleylamine (OAm) ligands, (red) OAm only, and 

(green) 30 wt% HfO₂ NP. The ligand-only samples were prepared with the same weight percentage as 

BMEP/OAm content as in HfO₂ NP.  

 

We then evaluated the RL response of these polymer matrices. Beyond improving film 

morphology and ФPL, the incorporation of HfO2 nanoparticles provides the crucial benefit of 

high-Z sensitization. When ionizing radiation interacts with the NPs, it generates a swarm of 

energetic photoelectrons, which in turn enhances the scintillation yield of the polymer blend. 

Under X-ray excitation, this sensitization works synergistically with the restored luminescence 

efficiency, producing significant amplification of the RL output. 

As shown in Figure 4.7 a, which compares RL spectra of blends with and without HfO2 NPs 

under identical excitation and collection conditions (and normalized to the same polymer 

mass), the presence of NPs results in an approximately 30-fold increase in RL intensity. Note 

that the additional peak at 300 nm originates from the HfO2 NPs themselves- Figure 4.9 shows 

the RL spectrum of HfO2 NPs embedded in PMMA matrix. After correcting for the 4-5× 

difference in ФPL between the two samples, the intrinsic high-Z sensitization effect corresponds 

to a 6-7-fold enhancement at 30 wt% HfO2 loading. This trend is summarized in Figure 4.7 b: 

the integrated RL intensity increases monotonically with NP content. The initial ~20-fold jump 

at 10 wt% arises from the combined effects of high-Z sensitization and improved film quality, 

whereas further increases beyond 10 wt% primarily reflect the continued rise in ФPL. The 

RL/PL ratio (inset of Figure 4.7 b) converges to a ~6-fold enhancement above 10 wt%, 

indicating that essentially all emissive domains are efficiently coupled to the high-Z sensitizer 

under ionizing excitation. Also, here we note that the RL spectrum of the NP-free blend differs 

from its PL spectrum and more closely resembles residual α-phase emission. This suggests that 

excitation of aggregated β-phase domains is further suppressed under ionizing radiation, 
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reinforcing the conclusion that HfO2 incorporation improves both morphology and scintillation 

efficiency. 

 

Figure 4.9. Radioluminescence spectrum of HfO₂ NPs embedded PMMA film. 

 

Experimental demonstration of Purcell enhancement The 7.6 nm silica-shelled Ag@SiO₂ 

heterostructure exhibits a plasmon resonance at 417 nm, precisely matching the PL spectrum 

of PFO. Consequently, this set of Ag@SiO2 system is used as the primary heterostructure to 

experimentally demonstrate Purcell enhancement, and is hereafter referred to as PNP 

(plasmonic nanoparticles). The blend of PFO with 30wt% HfO2 in PMMA introduced in 

Figure 4.4 serves as the high-Z-sensitized control (referred to as PFO/HfO2). An identical stock 

solution is additionally loaded with PNP to produce the fully hybrid system that combines 

high-Z sensitization with plasmonic Purcell enhancement (referred to as PFO/HfO2/PNP). 

Direct comparison between a bare PFO/PMMA film and the same film containing just the PNP 

is not meaningful, as aggregation-induced effects dominate the optical response and mask any 

plasmonic contribution. 

We first investigated the impact of plasmonic coupling on exciton dynamics under purely 

optical excitation, where high-Z sensitization plays no role. Figure 4.10 a and b, presents the 

spectrally and temporally resolved PL maps of the above described two samples under 380 nm 

excitation, with the corresponding decay traces at the emission maximum shown in Figure 4.10 

c. PFO/HfO2 exhibits the characteristic α-phase-dominated PFO emission with a 

single-exponential decay and a lifetime of τ = 340 ps (k0 = 4.16 × 10⁻³ ps⁻¹). Upon addition of 

PNP, the resultant PFO/HfO2/PNP displays clear Purcell-enhanced emission, evidenced by a 

markedly faster decay of τ = 100 ps (kp = 1.0 × 10⁻¹ ps⁻¹) and an approximately three-fold 
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increase in emission intensity near the PNP resonance. The extracted PL dynamics correspond 

to an effective Purcell factor of FP ~ 2.5. 

 

Figure 4.10. (a) Contour plots of the spectrally and time resolved PL intensity of PFO/PMMA/HfO2 

and Purcell-enhanced PFO/PMMA/HfO2/PNPs nanocomposites measured under identical excitation 

and collection conditions (b) PL decay curves extracted from a (c) Steady-state RL spectra of the two 

nanocomposites under X-ray excitation. (d) the calculated RL enhancement factor RLw/RLwo (blue) 

yielding the wavelength-dependent amplification caused by plasmonic Purcell coupling, which matches 

the LSPR peak of Ag@SiO2 PNP (shaded area) (e) RL decay curves of the PFO/PMMA/HfO2 (red) and 

of the PFO/PMMA/HfO2/PNPs nanocomposites (orange); the shaded area indicates the plasmon 

enhanced contribution extracted from a double-exponential deconvolution with IRF (dashed line), 

accounting for ~80% of the total emission in the Ag@SiO2 PNP-doped sample. 

 

More importantly, the same behavior was experimentally demonstrated under excitation with 

ionizing radiation. As shown in Figure 4.10 c, PFO/HfO2/PNP produces nearly twice the RL 

intensity as of PFO/HfO2 under identical excitation and detection conditions. Dividing the RL 

spectrum of the Purcell-enhanced film by that of the PNP-free reference yields the 

wavelength-dependent Purcell enhancement factor, which closely follows the Ag@SiO2 PNP 

LSPR profile (Figure 4.10 d). Time-resolved RL measurements (Figure 4.10 e) further confirm 

the accelerated recombination dynamics: PFO/PMMA/HfO2 shows a single-exponential decay 

of ~438 ps. The difference from the PL lifetime arises from the different experimental setup: in 
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RL mode, excitation is provided by 50 ps X-ray pulses and detection is performed with a 

photomultiplier tube with a 60 ps instrument response, resulting in a ~170ps IRF, as opposed 

to a streak camera. PFO/PMMA/HfO2/PNP, in contrast, exhibits a double-exponential decay 

with a dominant fast component (~175 ps, ~80% amplitude) and a slower component (~650 ps), 

corresponding respectively to regions where plasmonic Purcell enhancement is active or 

absent, effectively demonstrating Purcell enhanced scintillation with a corresponding 

acceleration of RL kinetics. 

 

Scheme 4.1. From left to right: PFO/PMMA film: Polymer blend of PFO embedded in PMMA, 

forming both glassy (α) and crystalline (β) phase. Aggregation induced states accelerate the emission 

dynamics but comes at the expense of reduced PL intensity; PFO/PMMA sensitized by HfO2 NPs: The 

addition of HfO2 NPs prevents long-chained PFO from aggregation, reducing non-radiative loss and 

recovering more radiative emission from the polymer. Under ionizing radiation, the high-Z HfO2 NPs 

capture high-energy radiation and release secondary electrons that transfer energy to nearby PFO chains. 

PFO/PMMA/ dual-enhanced by HfO2 NP, and the Ag@SiO2 PNP: The emissive events after 

sensitization are further enhanced by plasmonic coupling with PNPs. Intensified local electromagnetic 

field both increases exciton generation efficiency and accelerates scintillation dynamics. 

 

Overall, blending HfO2 nanoparticles into the PFO/PMMA matrix effectively increased the 

PLQY by suppressing aggregation-induced quenching, while simultaneously enhancing the RL 

response through the high-Z sensitization by these NPs. Introducing plasmonic heterostructures 

further amplified both PL and RL-by approximately a factor of two-and produced a 

corresponding acceleration in emission kinetics under optical and X-ray excitation. Scheme 4.1 
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illustrates this combined plasmonic and high-Z strategy for light-output enhancement in 

thin-film scintillators. 

We next replaced the 7 nm silica-shelled AgNPs with Ag@SiO2 heterostructures with 

substantially thicker, 30 nm dielectric shell. This increased shell thickness places the emitter 

polymer significantly farther from the plasmonic metal core. Because plasmonic enhancement 

is governed by the near-field, whose intensity decays approximately exponentially with 

distance from the metal surface, increasing the emitter-plasmon separation rapidly suppresses 

the modulated local density of optical states experienced by the emitter. Purcell-type 

enhancement requires that the emitter reside within this tightly confined near-field region-

typically within just a few nanometers-where the plasmonic mode can strongly modify its 

radiative decay rate. 

At a separation of ~30 nm, the emitter lies well outside the effective near-field coupling zone, 

and the plasmonic mode can no longer influence its emission dynamics. As shown in 

Figure 4.11, no measurable change in either the PL intensity or PL decay profile was observed 

for blends incorporating the 30 nm-shelled Ag@SiO2 particles. This absence of enhancement 

directly reflects the distance-dependent nature of plasmonic interactions and underscores the 

necessity of precisely optimized emitter-plasmon spacing to achieve meaningful Purcell 

enhancement. 
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Figure 4.11. Streak camera measurements overlaid with the extracted PL spectra of (a) PFO/HfO2 

composites, and (b) PFO/HfO2/Ag@SiO2(30nm)- the white spectrum in (b) is the absorption profile 

Ag@SiO2(30nm). Side panel: lifetimes extracted from the respective contour plots, showing no change 

in lifetime. 

 

To further validate the strict spectral-resonance requirement between the emitter PL and the 

plasmonic resonance, we replaced PFO with a conjugated polymer whose emission is 

deliberately shifted away from the plasmonic band. For this purpose, we selected 

Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT), a polyfluorene derivative with a 

significantly smaller band gap than PFO. This reduced band gap results in a green PL (∼540-

560 nm), placing it well outside the spectral window of the Ag@SiO2(7 nm) heterostructure 

a

b
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LSPR, which was tuned precisely to overlap with the blue emission of PFO, as demonstrate 

above. 

The choice of F8BT is therefore intentional: by shifting the emitter PL to a region spectrally 

off-resonant with the LSPR, we create a controlled scenario where Purcell enhancement should 

be strongly suppressed. This coupling requires a close spectral match between the emitter’s 

radiative transition and the plasmonic mode, as the enhancement arises from an increased local 

density of optical states at the emitter’s emission frequency. When the PL and LSPR are 

detuned, the LDOS at the emitter’s frequency is not significantly modified, and no 

enhancement or quenching should be observed.  

As shown in Figure 4.12, blending F8BT with Ag@SiO2(7 nm) indeed produced no measurable 

change in either the PL intensity or decay profile, even though the emitter is now placed in the 

near-field of the plasmon. This absence of modification directly contrasts with the strong 

effects observed for PFO and provides clear evidence that the plasmonic heterostructure 

influences emission only when the emitter and plasmonic resonance are spectrally aligned. 

These results reinforce the fundamental physics of Purcell coupling and highlight the necessity 

of resonance for plasmon-mediated emission modulation. 
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Figure 4.12. Off‑resonant case-streak camera measurements overlaid with the extracted PL spectrum 

of (a) F8BT/HfO2 composites, and (b) F8BT/HfO2/Ag@SiO2(7nm)- the white spectrum in (b) is the 

absorption profile Ag@SiO2(7nm). Side panel: lifetimes extracted from the respective contour plots, 

showing no change in lifetime. 
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4.4. Conclusions 

In summary, we demonstrated a fully solution-processable hybrid scintillator in which the 

Ag@SiO2 heterostructure plays a central role in engineering the local electromagnetic 

environment to enhance optical properties without any chemical or structural modification of 

the emitter polymer. By embedding these core@shell plasmonic nanoantennas-whose 

dielectric shell precisely defines emitter-plasmon separation into a conjugated polymer matrix, 

we achieved Purcell enhancement of both PL and RL, thus demonstrating plasmonic 

heterostructures as power tools for photonic environment management. 

Alongside this plasmonic enhancement, the hybrid platform introduced also leverages 

interchain-aggregation suppression and transparent high-Z sensitization, yielding a synergistic 

combination of reduced nonradiative losses, improved X-ray energy deposition, and 

accelerated radiative recombination. Notably, the Purcell effect was shown to operate 

equivalently under optical and X-ray excitation, directly linking plasmon-mediated exciton 

dynamics to scintillation response.  

Although further optimization of shell thickness, emitter density, and plasmon resonance 

alignment remains possible, these results establish a clear design principle: precisely 

engineered Ag@SiO2 heterostructures provide a scalable strategy for boosting both PL and RL 

in soft-matter scintillators. The demonstrated architecture is fully compatible with solution 

processing and well suited to emerging detector technologies requiring high light yield, 

ultrafast timing, mechanical flexibility, and low-cost fabrication. More broadly, this work 

provides quantitative guidelines for integrating plasmonic heterostructures and high-Z 

nanomaterials with conjugated polymers, opening new opportunities for next-generation 

hybrid scintillators in high-energy physics, medical imaging, and advanced radiation-sensing 

systems. 
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This chapter introduces the spectroscopic techniques that were extensively used to characterize 

the materials discussed in Chapters 2-4. The techniques span both steady-state and time-

resolved methodologies, enabling the investigation of material properties from the time-

averaged optical responses to ultrafast excited-state dynamics. 

5.1. Preface 

Light is fundamental to human perception, with vision itself being a direct consequence of 

light-matter interaction enabling us to observe and interpret the world around. Extending 

beyond the limits of human sight, light has long served as a powerful probe in scientific 

exploration. The invention of the light microscope transformed our ability to visualize 

structures too small for the naked eye, opening a new window into the microscopic world. As 

our understanding deepened, the development of spectrometers enabled the quantitative 

analysis of how light interacts with matter, allowing to determine composition, structure, and 

electronic transitions with precision. With deeper scientific understanding, we learned to 

manipulate light itself-shaping it into short pulses of photonic energy. This discovery of “pulsed 

lasers” bought further advancements, offering properties such as high coherence, 

monochromaticity, and ultrashort pulse duration that remained inaccessible with traditional 

continuous wave light sources. Early techniques produced nanosecond bursts of light, allowing 

the first time-resolved studies of photophysical processes. Continued advances in laser science 

soon pushed pulse durations into the picosecond and ultimately the femtosecond regime, 

providing the temporal resolution required to follow electronic and vibrational motion in real 

time. This leap enabled femtosecond transient absorption spectroscopy, which made it possible 

to track the dynamics of valence electrons-the outermost electrons responsible for excitons, 

charge transfer, and energy flow in materials. While originally implemented for 

femtochemistry for observing chemical reactions, the same methodologies now extend far 

beyond traditional chemistry, enabling direct insights into exciton formation, relaxation, and 

recombination in systems such as QDs. In this broader sense, the ultrafast dynamics of 

nanoscale materials form part of the modern landscape of femtosecond spectroscopy made 

possible by the pioneering work that first demonstrated how light could capture motion on 

timescales of electrons and atoms. 

Today, the field is pushing beyond the femtosecond frontier, marked by two major recent 

milestones that have shaped the emergence of attosecond transient absorption spectroscopy 

(ATAS). Around 2010, advances in high-harmonic generation enabled the production of 

isolated attosecond pulses in the deep-ultraviolet regime, establishing the practical foundation 
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for attosecond science. More than a decade later, the 2023 Nobel Prize in Physics recognized 

the experimental breakthroughs that made the generation and characterization of such pulses a 

mature and reliable tool for probing ultrafast electron dynamics. These advances show great 

promise for the future of ATAS, a technique for probing core-level electron dynamics with 

unprecedented temporal resolution, representing the next step in our ability to observe light-

matter interaction at its most fundamental level. 

The techniques described in this chapter follow this historical progression-from steady-state 

spectroscopy to femtosecond time-resolved exciton dynamics. Together, they illustrate how the 

use of light has evolved from static imaging to spectral characterization and ultimately to the 

direct observation of ultrafast electronic dynamics. These methods form the foundation for 

characterizing the diverse materials investigated in this thesis through chapters 2 to 4. 

 

5.2. The historical beginning of light-based techniques: optical microscopy 

The earliest integration of light into scientific instrumentation was realized through optical 

microscopy, which provided humanity’s first systematic tool for probing structures beyond the 

reach of the naked eye. By harnessing visible light and simple lenses, pioneers of microscopy 

opened an entirely new window into the invisible regime, the strength of which lies in its 

accessibility and versatility: bright-field imaging offered direct visualization of cellular and 

material structures, while later innovations such as fluorescence microscopy enabled selective 

labeling and contrast enhancement. 

However, the technique is fundamentally constrained by the Abbe diffraction limit, which 

dictates that the smallest resolvable feature is approximately half the wavelength of the 

illuminating light. For visible wavelengths, this corresponds to a resolution of ~200 nm, a 

barrier that prevents direct imaging of nanoscale objects such as the ones discussed in this 

thesis- QDs, plasmonic and metal oxide nanoparticles1. In this context, optical microscopy 

proved insufficient for resolving the fine details of these nanomaterials. To overcome this 

limitation, imaging was complemented by electron microscopy, which exploits the much 

shorter de Broglie wavelength of accelerated electrons to achieve resolutions down to the 

atomic scale2-4 (which has been used extensively to trace the structure of nanomaterials used 

in the works described in chapters 2-4). 

This historical trajectory illustrates how light first entered scientific practice as a tool for 

imaging, yet its role has steadily expanded beyond the mere visualization of structures. Soon 
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the focus shifted toward techniques capable of quantifying the intrinsic interactions of light 

with matter. This transition marked the emergence of optical spectroscopy, where light is no 

longer just a medium for forming images but a quantitative probe of electronic and optical 

properties. In this way, spectroscopy builds upon the foundation laid by microscopy, offering 

complementary insights into the photophysics. 

5.3. Beyond imaging: quantifying light-matter interaction 

To address the limitations of purely spatial imaging, modern optics has increasingly turned 

toward spectroscopy, shifting the focus from visualization to the quantitative analysis. The core 

of this transition holds steady-state spectroscopic techniques, which probe the intrinsic optical 

signatures of materials under continuous illumination. Among these, absorption spectroscopy 

and emission spectroscopy serve as the two principal methods, providing complementary 

insights into how materials interact with and respond to light.5, 6 

When applied to nanomaterials, these techniques become even more revealing. The materials 

examined throughout this thesis-including QDs, plasmonic nanoparticles, metal oxide 

nanoparticles, and semiconducting emissive polymers-each display distinct optical behaviors 

that can only be fully understood through steady-state spectroscopic analysis. In QDs, 

absorption and emission spectra uncover how light generates excitons in a highly tunable 

manner: quantum confinement allows precise control over exciton energies, producing 

size- and composition-dependent bandgap shifts and enabling deliberate wavefunction 

engineering in heterostructured systems. 

Plasmonic nanoparticles, by contrast, interact with light through an entirely different 

mechanism. Instead of forming discrete excitons, they support collective oscillations of 

conduction electrons, giving rise to localized surface plasmon resonances-manifested as strong 

extinction features and intense local field enhancements. 

Semiconducting emissive polymers introduce yet another optical landscape: their absorption 

and PL spectra reveal excitonic processes shaped by chain conformation, aggregation, and 

defect-related states, all of which critically influence their optoelectronic performance. 

Although these polymers share excitonic behavior with QDs, their responses remain 

fundamentally distinct due to differences in electronic structure and molecular organization. 

The HfO2 nanoparticles introduced in Chapter 4 further illustrate the breadth of steady-state 

spectroscopy. While transparent in the visible range due to their wide bandgap, they exhibit 
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clear signatures of strong interaction with X-rays-a reminder that X-rays are themselves 

electromagnetic radiation, even if they fall outside the range typically associated with “light” 

in everyday experience. 

Collectively, these examples demonstrate how steady-state spectroscopy extends far beyond 

simple visualization. It provides a rigorous, quantitative framework for probing the 

fundamental optical properties of nanomaterials. By capturing their characteristic spectral 

signatures, these methods establish the essential baseline for evaluating material quality, tuning 

optical behavior, and guiding applications across photovoltaics, light-emitting devices, sensing 

technologies, and photocatalysis. The next two subsections describe two of these techniques- 

absorption and PL spectroscopy. 

5.3.1. Absorption spectroscopy 

Absorption spectroscopy is one of the most fundamental and routinely used tools across 

disciplines. When electromagnetic radiation encounters matter, several processes can occur-

reflection, transmission, scattering, or absorption. Absorption takes place when the energy of 

an incoming photon matches an allowed transition within the material, enabling promotion of 

an electron from a lower to a higher energy state. Depending on the underlying electronic 

structure, this may correspond to interband electronic transitions (QDs, semiconducting 

polymers, bulk semiconductors), collective oscillations of conduction electrons (plasmonic 

nanoparticles), or inter-electronic, vibrational, and rotational transitions (molecules and 

molecular solids). 

The quantitative basis of absorption spectroscopy is described by the Beer-Lambert law, which 

relates the attenuation of light to the properties of the absorbing medium7, 8. As a beam of 

intensity 𝐼0 passes through a homogeneous sample of thickness 𝑙, its intensity decreases 

according to the probability of photon absorption. This relationship can be expressed by the 

differential equation; 𝑑𝐼 = −𝛼𝑐𝐼 𝑑𝑥, (where 𝛼 is the absorption coefficient and 𝑐 is the 

concentration of absorbing species). 

 Integrating this expression yields  ln (
𝐼0

𝐼
) = 𝛼𝑐𝑙. Defining absorbance as 𝐴 = log 10(𝐼0/𝐼) and 

substituting 𝜖 =
𝛼

2.303
  gives the familiar form of the Beer-Lambert law: 𝐴 = 𝜖𝑐𝑙. This linear 

relationship enables the determination of concentrations, extinction coefficients, and transition 

strengths from measured spectra. 
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In practice, absorption spectra are collected using UV-vis spectrophotometers, which measure 

the intensity of transmitted light across a selected wavelength range. These instruments 

typically consist of a broadband light source, a monochromator or diffraction grating to select 

wavelengths, a sample compartment, and a detector. Spectrometers may operate in single-beam 

(Figure 5.1 a) or dual-beam configurations (Figure 5.1 b). Single-beam instruments measure 

the reference and sample intensities sequentially, while dual-beam instruments split the light 

into two paths to measure both simultaneously, improving stability and reducing drift. Baseline 

correction is essential when samples are dissolved in solvents or embedded in matrices, as these 

media may also absorb or scatter light. By measuring the reference spectrum of the pure solvent 

or matrix, the instrument subtracts background contributions, effectively isolating the analyte’s 

spectral features-an approach analogous to identifying a needle in a haystack. 

A critical requirement for accurate absorption measurements is that the analyte concentration 

must fall within an appropriate range. Because the instrument detects transmitted light, 

excessively concentrated samples absorb nearly all incident photons, leaving too little signal 

for the detector to measure reliably. Conversely, overly dilute samples produce absorbances too 

small to distinguish from noise. Maintaining absorbance values within a moderate range 

ensures that the Beer-Lambert law remains valid and that quantitative analysis is possible. 

Because UV-vis spectrophotometers measure only the intensity of transmitted light, any 

process that removes photons from the forward direction-including scattering-is interpreted as 

absorbance. This effect is particularly pronounced in plasmonic nanoparticles, where scattering 

can dominate the optical response. For this reason, the measured signal is more accurately 

described as extinction (as shown in chapter 4), which encompasses both absorption and 

scattering contributions. Extinction spectra therefore provide a more complete representation 

of the optical behavior of such systems. 

5.3.2. Photoluminescence spectroscopy 

PL spectroscopy provides a complementary perspective on light-matter interactions by probing 

the fate of excited electronic states. As described in the previous section, when a material 

absorbs light, photons promote electrons to higher-energy states depending on the material’s 

electronic structure. These excited states are inherently unstable, and the system must 

eventually return to its ground state to restore thermodynamic equilibrium. This de-excitation 

can occur through several pathways. When the relaxation process is accompanied by the 

emission of a photon-possible when radiative transitions between the excited and ground states 
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are allowed-this emitted light carries direct information about the energetic landscape and 

photophysical processes of the material. PL spectroscopy captures and analyzes this emitted 

light, enabling detailed characterization of emissive states, excitonic behavior, and relaxation 

dynamics. 

A typical PL spectrometer is designed to isolate the weak emission signal from the much 

stronger excitation source9. The instrument consists of an excitation light source, optics to 

direct the excitation beam onto the sample, a collection path for the emitted light, a 

monochromator to disperse the emission, and a sensitive detector such as a photomultiplier 

tube or CCD (Figure 5.1 c). To prevent the intense excitation beam from overwhelming the 

detector, the excitation and emission paths are arranged perpendicularly. This geometry 

minimizes the amount of direct/scattered excitation light entering the detection optics, ensuring 

that the recorded signal originates predominantly from PL rather than stray excitation photons. 

As with absorption spectroscopy, proper sample dilution is essential for reliable PL 

measurements. High concentrations introduce distortions through the primary inner filter 

effect, where the excitation beam is attenuated before reaching the full sample volume, 

reducing the effective excitation intensity. Additionally, the secondary inner filter effect occurs 

when emitted photons are re-absorbed by the sample before escaping, altering both the intensity 

and spectral shape of the PL signal. These effects are particularly pronounced in colloidal QD 

samples as their band edge absorption and emission are energetically less separated as it has 

been discussed in Chapter 3.  

Obviously, PL characterization applies exclusively to emissive states within the analyte, and 

this selectivity is precisely what makes PL more of a powerful optical probe. Beyond providing 

the emission spectrum itself, PL measurements offer direct insight into the competition between 

radiative and non-radiative relaxation pathways. Because the observed emission intensity 

reflects only the fraction of excited states that decay radiatively, any reduction in PL output 

immediately signals the presence of non-radiative loss channels. In QDs, for example, 

diminished PL intensity can reveal carrier trapping at surface or defect states, and under high 

intensity optical excitation conditions the Auger recombination, or other multi-carrier 

relaxation processes that quench emission. Comparing PLQYs across samples or processing 

conditions therefore becomes a highly sensitive way to quantify non-radiative losses and assess 

overall material quality. This is particularly powerful for QDs, where PLQY directly reflects 

nanoscale features such as surface passivation, defect states, trap densities, and other emissive 
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or quenching pathways. These subtle electronic imperfections often remain invisible even 

under high-resolution electron microscopy, yet they strongly influence the radiative efficiency. 

As a result, PLQY serves as an indirect but remarkably precise probe of material quality at the 

nanometer scale, revealing information that structural imaging alone cannot capture. 

 

 

Figure 5.1 Schematic representation of the optical layouts for (a) Single-beam absorption 

spectrophotometer, where light from a source pass through a monochromator and is directed through 

the sample to a detector, enabling measurement of transmitted intensity (b) Dual-beam absorption 

spectrophotometer, in which monochromatic light is split into two paths-one traversing the sample and 

the other a reference-allowing simultaneous detection and improved baseline stability. (Adapted from 

reference 10) (c) Fluorescence spectrophotometer setup featuring a xenon lamp, excitation and emission 

monochromators, sample holder, and photomultiplier detector, designed to measure fluorescence 

emission orthogonal to the excitation path (adapted from reference 10) 

 

Together, absorption and PL spectroscopy provide complementary insights into the electronic 

states of a material. Although both techniques are conceptually straightforward and rely on 

relatively modest instrumentation, their analytical power extends far beyond their simplicity. 

These methods have become indispensable across an exceptionally broad range of scientific 

fields, routinely applied to systems spanning many orders of magnitude in size-from 

nanometer-scale materials such as QDs and molecular emitters to astronomical bodies 

characterized through their atomic absorption signatures. This remarkable breadth highlights 

how fundamental principles of light-matter interaction can be leveraged across scales, making 

these techniques two of the most versatile and widely used tools in modern materials 

characterization. 

 

a

b

c
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5.4. Towards real-time observation of photophysical dynamics 

Steady-state spectroscopic techniques form the foundation for quantifying light-matter 

interactions. However, their major limitation is that they represent signals integrated over time. 

In PL spectra, for instance, the detector records all photons emitted by the sample until the last 

excited state decays back to the ground state. This provides a general picture but does not reveal 

how the system evolves in temporal landscape. 

Another limitation is that in steady-state PL, the emission from different channels is recorded 

as a single, continuous spectrum. For instance, in the case of Mn-doped LHPs, the Mn2+ 

emission appears alongside the host BE emission, giving the misleading impression that both 

originate from the same underlying photophysical process. In reality, the two pathways are 

fundamentally different: the perovskite BE excitons recombine through fast, allowed 

transitions on the nanosecond scale, whereas Mn2+ emission arises from a spin-forbidden d-d 

transition and therefore persists for hundreds of microseconds to milliseconds. Steady-state PL 

collapses these orders of different timescales into a single spectrum, masking the sequential 

energy-transfer steps and the slow dopant-mediated recombination-unless time-gated detection 

is used, in which case gating beyond a few tens of nanoseconds suppresses the fast band-edge 

emission and isolates only the long-lived dopant emission. A similar ambiguity arises in poorly 

passivated QDs, where trap-state emission overlaps spectrally with the intrinsic band-edge 

emission. In steady-state measurements, both appear as part of the same broad PL band, even 

though trap-state recombination is orders of magnitude slower and far less radiatively efficient.  

Together, these examples highlight a key limitation of steady-state PL: it provides a 

time-averaged picture that obscures the distinct dynamical pathways contributing to the 

observed emission. Time-resolved measurements are therefore essential for disentangling fast 

intrinsic recombination from slow dopant- or defect-mediated processes. 

To observe these rapid events in real time, instrumentation must include components capable 

of responding at speeds equal to or exceeding the dynamics under investigation-much like a 

camera requires a fast shutter to capture motion without blur. The breakthrough that enabled 

this level of temporal resolution was the development of lasers, specifically pulsed lasers 

delivering ultrashort pulses of photon energy, a transformative milestone in optical science.  

Building upon this discovery, time-resolved fluorescence techniques emerged as a consequence 

of combining the quantum nature of fluorescence with the capabilities of pulsed laser 

excitation. Fluorescence emission is inherently probabilistic: the precise moment at which an 



 

 

154 5. Methods  

excited electron relaxes and emits a photon cannot be predicted, instead, it’s only described 

statistically through exponential decay laws. Steady-state measurements obscure this stochastic 

behavior by averaging over countless emission events, but the advent of ultrashort laser pulses 

provided a well-defined temporal “start” to the excitation process. This allowed to directly 

monitor the decay of excited states and reconstruct the distribution of lifetimes, rather than 

relying on integrated signals. In this way, lasers acted as the temporal gatekeepers that made it 

possible to translate quantum mechanical transition probabilities into experimentally accessible 

observables. The correlation between the probabilistic quantum decay of fluorophores and the 

precision timing afforded by lasers thus gave rise to modern time-resolved fluorescence 

spectroscopy, enabling the study of ultrafast photophysical processes with unprecedented 

clarity. 

Time-resolved fluorescence techniques can broadly be divided into two categories based on the 

underlying principle of detection: those that rely on fast electronics and those that exploit 

nonlinear optical phenomena. The first category encompasses methods where ultrafast 

electronic components are used to directly record the temporal evolution of fluorescence 

signals. Examples include Time-Correlated Single Photon Counting (TCSPC), which 

reconstructs fluorescence decay curves by measuring the arrival times of individual photons 

relative to a pulsed excitation source, and the streak camera technique, where the temporal 

profile of fluorescence is converted into a spatial streak image with picosecond resolution. The 

second category involves techniques that bypass the limitations of electronics by harnessing 

nonlinear optical processes to achieve femtosecond resolution. A prominent example is 

fluorescence upconversion spectroscopy, in which fluorescence photons are mixed with a 

gating pulse inside a nonlinear crystal to generate a sum-frequency signal, effectively 

translating ultrafast temporal information into a measurable optical output.10 Similarly, the 

optical Kerr shutter technique employs the optical Kerr effect, where an intense gating pulse 

induces transient birefringence in a nonlinear medium.11 This birefringence acts as an ultrafast 

“shutter,” allowing only fluorescence photons within the gating window to pass through a 

polarizer, thereby enabling femtosecond temporal resolution of fluorescence signals that cannot 

be captured by purely electronic detection. 

For the work presented in this thesis, I have extensively made use of the two fast electronics-

based methods- TCSPC and the streak camera technique which are discussed in detail in the 

following sections. 
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5.4.1. Time-Correlate Single Photon Counting (TCSPC) 

TCSPC operates by repeatedly exciting the sample with ultrashort laser pulses and measuring 

the time delay between each excitation event and the subsequent photon emission (Figure 5.2 

a)12-14. Since fluorescence is inherently probabilistic, an excited molecule does not emit a 

photon at a fixed, predetermined time. Instead, each emitter has a certain probability per unit 

time for returning to the ground state, meaning that photon-arrival times are randomly 

distributed from event to event. By repeating this excitation-emission cycle and recording the 

arrival time of each detected photon, the instrument constructs a histogram of photon counts 

versus delay time. This histogram reflects the statistical decay of the excited-state population 

and naturally takes on an exponential form. 

 

Figure 5.2. Principles and setup of TCSPC for PL lifetime measurements. (a) Schematic representation 

of photon arrival times relative to excitation pulses, illustrating the start-stop timing principle. (b) 

Schematic representation of experimental setup (c) Block diagram of signal processing: fluorescence 

photons are routed through a CFD, synchronized with the laser trigger, and processed via a time-to-

amplitude converter and analog-to-digital converter to build a histogram of photon arrival times. (d) 

Illustration of TAC ramp generation and timing logic, where the voltage output encodes the delay 

between excitation and photon detection (adapted from reference 16). 

 

 

For a simple, single-exponential decay, the excited-state population 𝑁(𝑡)follows the relation; 

𝑁(𝑡) = 𝑁0𝑒−𝑡/𝜏, 

a

b

c

d
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where 𝑁0is the initial population and 𝜏 is the PL lifetime and is defined as the time at which 

the population has decayed to 1/e (approximately 36.8%) of its initial value. This characteristic 

time constant captures the average rate at which the excited state relaxes and is extracted 

directly from the slope of the exponential decay curve. 

In reality, however, the decay often does not follow a single exponential profile. Instead, the 

measured signal may contain multiple decay components, each associated with a distinct 

emissive species or relaxation pathway. Such multiexponential decays arise when the sample 

contains heterogeneous environments, multiple emissive states (such as band-edge and 

trap-state emission in QDs), or sequential processes like energy transfer, charge trapping, or 

dopant-mediated recombination. In these cases, the decay is better described by a sum of 

exponentials, 

𝐼(𝑡) = ∑ 𝐴𝑖

𝑖

𝑒−𝑡/𝜏𝑖 , 

where each component 𝐴𝑖 and 𝜏𝑖corresponds to a different sub-population or decay channel. 

Time-resolved techniques are therefore essential for disentangling these overlapping processes, 

revealing the true dynamics that steady-state PL measurements average out. 

Here, in TCSPC, the time delay that reflects the dynamics of the excited state is measured using 

specialized electronics that function much like a high-speed stopwatch. In a typical setup, as 

demonstrated in (Figure 5.2 b), the sample is excited by a pulsed laser operating at low power 

to avoid the pile-up effect, and the emitted photons are collected by a photomultiplier tube 

(PMT), which will be fed to the timing electronics system. Simultaneously, the laser pulse 

triggers a laser driver that sends an electronic signal marking the exact moment of excitation-

this serves as the start pulse for the timing electronics (as shown in detail in Figure 5.2 c). Once 

the photon detection signal is captured, the data flow through series of components. The signal 

from the detector enters the Constant Fraction Discriminator (CFD), which corrects for timing 

uncertainties, ensuring precise measurement of the photon arrival time. At the heart of the 

timing electronics is a time-to-amplitude converter (TAC), which acts as a capacitor. The TAC 

begins charging when it receives the start pulse (signal from the laser driver) and stops charging 

when the PMT detects the emitted photon, providing the stop pulse. In this way, the amount of 

charge accumulated corresponds to the time interval between excitation and emission. In Figure 

5.2 d, the TAC ramp is illustrated. As time progresses, the TAC generates a voltage that 

increases in a ramp-like manner, representing the time interval between the start and stop 
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events. The charge accumulated is then discharged across a resistor, and the resulting voltage 

drop-proportional to the time delay-is digitized by an analog-to-digital converter (ADC). Over 

many cycles, these time delays are compiled into a histogram, with time bins on one axis and 

the frequency of photon detection on the other. This histogram reveals the decay profile of the 

excited state, and thus the PL lifetime of the system under investigation. 

5.4.2 Streak camera 

A streak camera operates by converting incoming photons into electrons via photoelectric effect 

and then mapping their arrival times into spatial positions. Electrons being charged particles, 

can be deflected inside a streak tube by a time-varying sweep voltage. This deflection encodes 

the arrival time of each photon as a spatial displacement, effectively transforming temporal 

information into a measurable spatial pattern.15-17 

As illustrated in Figure 5.3, the light from the sample first passes through a narrow slit and is 

focused onto the photocathode18. When photons strike the photocathode surface, they eject 

electrons through photoelectric effect. The number of emitted electrons is proportional to the 

instantaneous light intensity, ensuring that both the temporal and spatial structure of the optical 

signal are accurately transferred into an electron distribution. These electrons are then 

accelerated by an electric field and directed toward a pair of sweep electrodes. A high-voltage 

waveform, synchronized with the excitation source, is applied across these electrodes to 

generate a rapidly varying sweep field. As electrons pass through this region, their trajectories 

are deflected according to the exact moment they arrive. Early-arriving electrons experience a 

different instantaneous sweep voltage than later-arriving ones, resulting in distinct vertical 

positions on the detector. 

To increase sensitivity, the electron distribution is amplified by a microchannel plate (MCP) 

before striking a phosphor screen. The phosphor converts the electron impacts back into light, 

producing an image that is captured by a CCD camera. In the configuration shown in Figure 

5.3, the vertical axis of the resulting image corresponds to time: electrons generated by earlier 

photons appear near the top of the screen, while those generated later appear progressively 

lower. 

A key advantage of the streak camera is its ability to record spectral and temporal information 

simultaneously. Since the sweep deflection occurs along only one spatial axis (the vertical 

axis), the orthogonal axis remains free for spectral dispersion. Passing the sample emission 

through a spectrograph-using a prism or diffraction grating-before it reaches the photocathode 
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spreads the light by wavelength along the horizontal axis. The resulting two-dimensional output 

contains wavelength on one axis and time on the other, yielding a complete spectro-temporal 

map of the emission in a single measurement. This capability provides a powerful window into 

ultrafast photophysical processes. 

Compared to TCSPC, the streak camera offers superior temporal resolution and acquisition 

speed. While TCSPC reconstructs decay curves statistically from many repeated photon-arrival 

events, the streak camera directly converts temporal information into spatial coordinates in real 

time using the vacuum-tube sweep mechanism described as above. 

 

Figure 5.3. Schematic illustration of streak camera setup. A pulsed laser excites the sample, and the 

emitted fluorescence is spectrally dispersed and directed into a streak camera. Temporal resolution is 

achieved via voltage-controlled electron deflection, while spectral dispersion is preserved along the 

orthogonal axis. The resulting 2D image, captured by a CCD, encodes fluorescence intensity as a 

function of both wavelength and time (adapted from reference 20) 

 

5.4.3. Femtosecond transient absorption spectroscopy 

Time-resolved spectroscopic techniques discussed so far rely on monitoring the intrinsic 

fluorescence of a sample to study excited-state dynamics. In contrast, transient absorption 

spectroscopy (TA) provides a complementary approach that does not directly depend on 
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emission. Instead, TA tracks the temporal evolution of a sample’s absorption profile when 

probed by a secondary laser pulse after initial excitation.19, 20 This makes this method 

particularly valuable for investigating non-emissive samples, where fluorescence-based 

methods are ineffective. 

In a typical TA experiment, the sample is first excited by a short laser pulse, referred to as the 

pump pulse. A subsequent probe pulse, delayed in time relative to the pump, interrogates the 

sample to measure changes in absorption induced by the excited-state population. By 

systematically varying the delay between pump and probe pulses, the full time-dependent 

absorption dynamics of the system can be reconstructed. 

The instrumentation of a pump-probe setup (as illustrated in Figure 5.4 b) is designed to 

achieve femtosecond time resolution, which requires that the pump and probe pulses be 

perfectly synchronized and phase-locked. For this reason, both pulses are derived from a single 

laser source. Splitting one laser pulse into separate pump and probe paths ensures that both 

beams share the same origin, eliminating timing jitter, frequency drift, and phase instability 

that would arise from two independent lasers. This common source also allows straightforward 

wavelength conversion for the pump and white-light generation for the probe, while 

minimizing noise through shared fluctuations. In short, TA relies on a single laser source to 

guarantee the temporal precision, coherence, and stability necessary to resolve excited-state 

dynamics down to the sub-picosecond level. 

One part of the fundamental laser output is directed into an optical parametric amplifier (OPA), 

which produces a pump pulse of tunable wavelength tailored to the sample’s excitation 

requirements. The other part of the laser passes through a variable delay line, introducing a 

controlled path length difference relative to the pump. This delayed beam is then focused onto 

a nonlinear crystal, generating a white-light supercontinuum that serves as the probe pulse. 

Temporal control is achieved using the variable delay line, typically implemented with 

retroreflectors mounted on a motorized translation stage. By adjusting the optical path length, 

the arrival time of the probe relative to the pump can be finely controlled. Both beams are 

spatially overlapped at the sample to ensure that the probe interrogates the same excited 

population generated by the pump. To maximize excitation efficiency, the pump beam is 

generally more intense than the probe. Thus, the sample experiences two sequential pulses: the 

pump pulse excites a fraction of the molecules into the excited state, and the probe pulse 
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interrogates the absorption changes induced by the pump. After interaction with the sample, 

the pump beam is blocked, and only the transmitted probe intensity is detected. 

Since even strong pump excitation typically excites only a small fraction of the sample 

molecules, direct measurement of probe absorption would be dominated by contributions from 

the ground-state population. To isolate the pump-induced changes, TA employs a difference 

detection scheme. Measurements are performed in two alternating cycles: one in which the 

probe absorption is recorded for the ground-state sample (pump-off), and another in which the 

probe absorption is recorded when the sample has been excited by the pump (pump-on). A 

mechanical chopper is used to block every other pump pulse, enabling alternating acquisition 

of pump-on and pump-off spectra. The difference spectrum is then calculated as  ΔA =

Apump on  − Apump off , which isolates the transient absorption signal and provides direct 

insight into the excited-state dynamics of the system. 

Since TA records a difference spectrum, the resulting signals can be either positive or negative, 

depending on the underlying physical processes. 

The most prominent signal in TA spectrum arises as a negative signal, attributed as ground state 

bleaching (GSB). Following pump excitation, the population of ground-state 

molecules/analytes decreases. Consequently, the absorption associated with the ground-state 

transition is reduced, and the difference spectrum exhibits a negative feature. The spectral 

profile of GSB closely mirrors the steady-state absorption spectrum, as it reflects transitions 

that are no longer available.  

A second negative signal arises from stimulated emission (SE). When the probe pulse interacts 

with analytes in the excited state, it can stimulate the emission of photons. These photons are 

coherent with the probe-sharing the same wavelength, polarization, and direction-and thus lead 

to an apparent reduction in absorbance. So, the SE overlaps spectrally with the PL band as 

shown in figure 5.4 a.  

The third major contribution is excited state absorption (ESA), also referred to as induced 

absorption. In this process, molecules already in the excited state absorb an additional photon, 

promoting carriers to higher excited states. Unlike GSB and SE, ESA produces a positive signal 

in the TA spectrum. In QDs, excited-state absorption features typically appear at higher 

energies (shorter wavelengths) than the ground-state bleach, since multiexciton populations 

enable additional transitions from excited states to higher-lying electronic levels. 



 

 

161 5. Methods  

 

Figure 5.4. (a)Schematic illustration of TA spectral components, showing ground-state bleach (GSB), 

stimulated emission (SE), and excited-state absorption (ESA) regions relative to the absorption and 

emission spectra. (b) Experimental setup for femtosecond pump-probe spectroscopy. A pulsed laser 

source is split into pump and probe paths. The pump beam is generated via frequency doubling or optical 

parametric amplification, while the probe beam is produced as a white-light continuum. Both the beams 

are focused onto the sample, and the transmitted probe is detected by a CCD camera for time-resolved 

spectral analysis (c) The 2D TA map displaying probe wavelength versus delay time, with color 

indicating differential absorbance. Insets show spectral slices at selected time delays and decay kinetics 

at representative wavelengths. 

 

The three-dimensional TA dataset, as shown in Figure 5.4 c enables simultaneous access to 

both spectral and kinetic information, offering a comprehensive view of the excited state 

dynamics. The color map encodes the differential absorbance as a function of wavelength 

(horizontal axis) and time delay (vertical axis), effectively capturing how the sample’s 

absorption evolves across both spectral and temporal dimensions. Slicing the data along a fixed 

time delay-i.e., taking a horizontal cross-section gives the spectrum, as illustrated in the top 

inset, where spectral features are resolved at discrete time windows. Conversely, slicing 

vertically at a specific wavelength yields kinetic traces, as shown in the bottom inset, which 

reveal the time-dependent evolution of absorption at selected spectral positions. This dual-

faceted approach allows to disentangle overlapping processes, track excited-state lifetimes, and 

correlate spectral signatures with dynamic behavior, all within a single TA measurement. 
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Extracting multiexciton kinetics from TA data  

In the chapters dealing with both InAs and lead-halide perovskite nanocrystals, TA 

spectroscopy is employed to probe the multicarrier dynamics of the systems. To extract 

quantitative information on biexciton recombination, we follow the procedure established by 

Klimov and co-workers, which relies on analyzing the GSB dynamics at the BE transition of 

the NC absorption spectrum21-23. The method is described here using CsPbCl3 NCs as a 

representative example. 

We begin by performing pump-intensity-dependent TA measurements and isolating the decay 

kinetics across different fluence ramps at a fixed probe wavelength corresponding to the 

band-edge bleach (for instance, here at 3.1 eV). Figure 5.5 a show the resulting 

fluence-dependent decay trace. To quantify the number of excitons generated per NC at each 

pump intensity, we first calculate the photon fluence of the excitation pulse. The fluence is 

obtained as: 

𝑗𝑝 =
𝑃pump

𝐸pump ⋅ 𝐴spot ⋅ 𝑓rep

, 

where 𝑃pumpis the average pump power, 𝐸pumpis the pump excitation energy, 𝐴spotis the pump 

spot area, and 𝑓repis the laser repetition rate. This expression simply reflects that the number of 

photons per pulse equals the average power divided by the number of pulses per second, and 

dividing by the photon energy converts this into photons per pulse; normalizing by the spot 

area yields the photon fluence. 

The average number of excitons generated per nanocrystal is then given by: 

⟨𝑁⟩ = 𝜎𝑗𝑝, 

where 𝜎is the absorption cross-section at the pump wavelength. This relation follows directly 

from the definition of 𝜎: it represents the probability that a photon incident on a NC is absorbed. 

We begin with a literature-based estimate of 𝜎, which is later refined experimentally. 
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Figure 5.5 Extraction of biexciton decay dynamics from fluence-dependent transient absorption 

measurements on CsPbCl₃ nanocrystals. (a) GSB kinetics recorded at the band edge transition (3.1 eV) 

under varying pump excitation fluences, illustrating the emergence of a fast decay component at higher 

⟨N⟩ values. (b) Late-time TA amplitude plotted against excitation fluence, used to fit with Poisson 

statistics to extract the absorption cross section σ. (c) Fluence-dependent GSB traces normalized at long 

delay times, where only single excitons remain, enabling direct comparison of multiexciton 

contributions. (d) Isolated biexciton decay profile obtained by subtracting the normalized trace at ⟨N⟩ 

≈ 0.1 from that at ⟨N⟩ ≈ 1.5, revealing the characteristic fast decay attributed to Auger recombination. 

 

As shown in Figure 5.5 a, at low excitation fluences (⟨𝑁⟩ ≪ 1), the bleach dynamics exhibit a 

slow decay on nanoseconds timescale, characteristic of single-exciton recombination. As the 

fluence increases (⟨𝑁⟩ ≈ 1 and above), much faster decay component appears on the 

tens-of-picoseconds timescale. This fast component grows superlinearly with fluence and is 

the hallmark of multiexciton generation via multiphoton absorption within a single pulse. These 

multiexcitons decay predominantly through nonradiative Auger recombination, in which the 

electron-hole recombination energy is transferred to a third carrier rather than emitted as a 
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photon (as discussed in Chapter 1). We therefore assign the initial fast decay to multiexciton 

recombination and the slower tail to single-exciton decay, consistent with the expectation that 

after Auger relaxation each photoexcited NC is left with a single exciton. 

To validate this assignment, we analyze the pump-intensity dependence of the late-time bleach 

amplitude, measured immediately after the fast multiexciton decay. If the early-time 

component indeed corresponds to multiexcitons and if its decay is much faster than the 

single-exciton lifetime, then the late-time amplitude should scale with the total number of NCs 

that absorbed at least one photon. This quantity is governed by Poisson statistics of photon 

absorption24. Thus, the probability that a NC contains 𝑖 excitons immediately after excitation 

is: 

𝑝𝑖 =
⟨𝑁⟩𝑖

𝑖!
𝑒−⟨𝑁⟩. 

And the probability that a NC absorbs at least one photon is therefore: 

1 − 𝑝0 = 1 − 𝑒−⟨𝑁⟩ = 1 − 𝑒−𝜎𝑗𝑝 . 

Since each photoexcited-NC contributes exactly one exciton to the late-time signal (after 

multiexciton relaxation), the late-time TA amplitude must follow this function. Plotting the 

late-time bleach amplitude versus fluence and fitting it to the expression above allows to extract 

an accurate experimental value of the absorption cross-section 𝜎 (Figure 5.5 b). This refined 𝜎 

is then used to recalculate the exact ⟨𝑁⟩ values for all fluences. 

With the corrected ⟨𝑁⟩ values, all decay traces are normalized to unity at long delay times, 

where only single-exciton populations remain (Figure 5.5 c). To isolate the biexciton 

contribution, we subtract the normalized decay trace corresponding to ⟨𝑁⟩ ≈ 0.5 from that at 

⟨𝑁⟩ ≈ 1. This subtraction is justified by Poisson statistics: at ⟨𝑁⟩ = 1, the probabilities of 

single- and biexciton occupancy are 𝑝1 = 𝑒−1and 𝑝2 = 𝑒−1/2, whereas at ⟨𝑁⟩ = 0.5, the 

biexciton probability is significantly smaller. Subtracting the two traces therefore removes the 

single-exciton contribution and isolates the biexciton decay profile (Figure 5.5 d). Since the TA 

measurements are performed in a continuously stirred solution, we assume that charged 

excitons do not contribute significantly to the early-time signal. 

From the isolated biexciton decay, we extract the biexciton lifetime 𝜏𝑥𝑥,avg. The biexciton 

recombination rate is the sum of radiative and Auger contributions: 
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1

𝜏𝑥𝑥,avg

=
1

𝜏𝑥𝑥,𝑟
+

1

𝜏𝑥𝑥,𝐴
. 

The radiative biexciton lifetime is related to the single-exciton radiative lifetime by:25 

1

𝜏𝑥𝑥,𝑟
=

4

𝜏𝑥,𝑟
, 

reflecting the four allowed radiative pathways in a biexciton. Using this relation, we extract the 

Auger recombination lifetime 𝜏𝑥𝑥,𝐴, which quantifies the efficiency of nonradiative 

multicarrier relaxation in the nanocrystals. 

5.5. Conclusions  

The optical methods described in this chapter provide a complete toolkit for probing NC 

photophysics across steady-state and ultrafast timescales. Absorption and PL spectroscopy 

establish the fundamental electronic structure and emissive properties, while TCSPC and 

streak-camera measurements resolve exciton lifetimes from the milliseconds down to the 

sub-nanosecond regime. TA further extends this capability by directly tracking photoinduced 

absorption changes with femtosecond resolution, and enables the quantitative isolation of 

biexciton dynamics. 

Together, these techniques have enabled extensive characterization of the materials 

investigated in this thesis-from elucidating the multiexcitonic dynamics in InAs-based 

core/shell heterostructures, to capturing ultrafast exciton transfer in LHP-based 

heterostructures, and probing plasmonically modified photonic environments in 

polyfluorene-based nanocomposites. This integrated methodological framework forms the 

foundation for the photophysical analyses presented, linking optical measurements to the 

underlying photophysics that governs material performance. 
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5.6. An end note… 

From the simplicity of static imaging to the sophistication of ultrafast time-resolved techniques, 

the evolution of optical methods has profoundly expanded our ability to observe, understand, 

and manipulate the invisible world. As the field continues to grow-driven by innovation in laser 

technology, detector sensitivity, and computational analysis-it holds immense promise for 

contributing to the betterment of humanity. 

Yet, as with all powerful tools, this expanding knowledge comes with responsibility. Scientific 

progress is a double-edged sword: when guided by ethical intent, it can heal, illuminate, and 

empower; when misused, it can harm, obscure, and divide. History offers sobering reminders 

of how breakthroughs, if divorced from conscience, can lead to unintended consequences.  

May the light we harness continue to reveal truth, inspire discovery, and serve the greater 

good. 
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6. Summary 

Altogether, this thesis explores the synthesis and advanced photophysical characterization of 

heterostructured nanomaterials across multiple material platforms. Heterostructuring is 

introduced through two complementary approaches. The first focused on emitter-level 

engineering, embedding desired properties directly into the material architecture. This strategy 

is examined in two classes of QDs, leveraging their capacity for wavefunction engineering to 

tailor emission behavior. The first system involved InAs-based III-V QDs, studied for their 

enhanced emission achieved through two different heterostructuring strategies. The second 

involved the more recent class of cesium lead halide nanocrystals, where heterostructuring is 

investigated with the aim of achieving large Stokes shifts. The thesis then transitions from 

emitter-centric designs to plasmonic heterostructures-a deliberate shift from band-engineering 

principles to field-engineering concepts enabled by tailored heterostructured architectures. 

Chapter 2 began by introducing InAs-based multishell heterostructures designed to enhance 

PL efficiency. The second part then investigates the role of ZnCl₂ employed in the synthesis of 

comparatively simple InAs@ZnSe core@shell heterostructures, which have recently achieved 

record PLQYs in this material system. In both studies, the samples were synthesized by Prof. 

Liberato Manna’s group from the Nanochemistry Department at IIT Genova. My contribution 

to these studies centered on the comprehensive photophysical characterization of the materials. 

This included steady-state spectroscopic measurements, detailed analysis of the PL dynamics 

at both ambient and cryogenic temperatures, and the investigation of biexcitonic decay 

pathways through excitation-fluence-dependent TA measurements. 

The first part of the chapter focused on multishell InAs heterostructures introduced through a 

new synthetic route for InAs@InP systems, enabling tunable InP shell thickness using 

amino-arsine and amino-phosphine precursors. A notable feature of this synthesis is the 

facet-selective growth of InP on tetrahedral InAs NCs, which drives a shape evolution from 

tetrahedra to tetrapod. Cryogenic PL measurements revealed indirect excitonic emission in the 

InAs cores, consistent with shallow trap states positioned near the valence band edge. Coating 

the cores with InP effectively passivated these traps and enhanced the PLQY. However, the 

emission spectra exhibited a pronounced red shift upon shelling, indicating substantial carrier 

delocalization into the InP shell despite the nominal type-I bulk band alignment. This 

observation suggested that the heterostructures behaved more like enlarged QDs rather than 

systems with strong core confinement-a conclusion further supported by the requirement of HF 
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post-synthetic treatment to mitigate surface traps. A second ZnSe shell was then epitaxially 

grown around the InAs@InP structures. This additional shell improved carrier confinement 

within the InAs@InP region, reduced surface trap density, and increased the PLQY to 

approximately 55%, with good air stability, retaining nearly 80% of the PLQY after 14 days. 

Across all samples-core-only, core@shell, and core@shell@shell-the biexciton efficiencies 

remained comparable, consistent with minimal variation in carrier wavefunction overlap. 

Overall, this work introduced a new precursor set for synthesizing InAs@InP@ZnSe QDs and 

demonstrated multishelling as an effective strategy for boosting near-infrared emission. These 

results were published in Advanced Materials under the title “Amino-Arsine and 

Amino-Phosphine Based Synthesis of InAs@InP@ZnSe core@shell@shell Quantum 

Dots.” 

The second study presented in this chapter extends the investigation of heterostructured InAs 

NCs by examining the recently reported record PLQY of ~70% in the simple core@shell 

architecture of InAs@ZnSe QDs. This exceptional PLQY was achieved only when ZnCl2 was 

added during InAs synthesis, prompting a systematic exploration of its role. To disentangle the 

influence of ZnCl2, three types of InAs cores and their corresponding ZnSe-shelled structures 

were studied: In(Zn)As synthesized with ZnCl2, standard InAs (std-InAs) synthesized without 

additives, and Zn-InAs obtained by post-synthetic ZnCl₂ treatment of std-InAs. High PLQY 

values were observed exclusively for In(Zn)As@ZnSe QDs, whereas the other two systems 

exhibited much lower efficiencies. A detailed analysis revealed that the presence of an In-Zn-

Se interlayer could not alone account for the high PLQY, as all samples contained this feature, 

and that variations in the ZnSe shelling procedure had only a minor influence on the final 

emission efficiency. Instead, the substantial enhancement occurred only when large amounts 

of ZnCl2 (ZnCl2:InCl3 > 10:1) were used during core synthesis. Spectroscopic characterization, 

X-ray absorption measurements, and DFT calculations indicated that std-InAs NCs possess 

surface traps primarily on the (−1−1−1) facets. Incorporating ZnCl₂ during synthesis led to Zn 

incorporation on both the (100) and (−1−1−1) facets, effectively passivating these traps and 

producing highly emissive In(Zn)As@ZnSe QDs. In contrast, post-synthetic ZnCl2 treatment 

resulted in only limited Zn incorporation and predominantly ZnCl₂ adsorption on the (−1−1−1) 

facets, acting as a Z-type ligand and providing insufficient trap passivation. Collectively, these 

findings highlight the essential role of ZnCl2 as a synthesis additive in achieving highly 

emissive amino-As-based InAs@ZnSe quantum dots. This work was published in ACS Nano 
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as “Unveiling the Role of ZnCl₂ in Enhancing the Photoluminescence Efficiency of 

Amino-As-Based InAs@ZnSe Quantum Dots.” 

Chapter 3 shifted the focus of heterostructuring toward LHP NCs, a material class long 

considered unsuitable for such architectures because of their fast reaction kinetics and the 

highly ionic nature of their lattice. In this work, heterostructuring is pursued with the specific 

goal of achieving a large Stokes shift, thereby opening a previously inaccessible route to 

wavefunction engineering in halide perovskites. This approach challenges the prevailing 

assumption that the high mobility of halides in these materials fundamentally prevents the 

formation of stable core/shell structures. Indeed, the pronounced halide interdiffusion in their 

lattice has historically impeded the implementation of wavefunction-engineering strategies that 

are routinely applied to more covalent QD systems. Here we demonstrate that this limitation 

can be overcome through a straightforward post-synthetic surface-passivation method that 

simultaneously removes halide-vacancy traps and suppresses iodide migration. This treatment 

enables the formation of CsPbCl3/CsPbI3 core/shell NCs that exhibit an exceptionally large 

Stokes shift of approximately 1.2 eV, PLQY near 70%, fast emission lifetime of 10 ns, and 

complete elimination of reabsorption losses-performance metrics not previously achieved in 

perovskite NC systems. The underlying photophysical mechanisms are elucidated through an 

extensive set of optical measurements. Steady-state and time-resolved PL, femtosecond TA 

measurements, and light-propagation experiments in liquid waveguide collectively revealing 

ultrafast core-to-shell exciton transfer occurring on a ~60 ps timescale, along with 

reabsorption-free emission transport. Fluence-dependent PL measurements further show that 

biexciton localization within the CsPbI3 shell is kinetically suppressed by nonradiative Auger 

recombination occurring in the core, a behavior that may be advantageous for future 

single-photon-emitter technologies. Beyond the fundamental insights, this fully 

solution-processed strategy establishes heterostructuring-based wavefunction engineering as a 

viable and powerful tool for perovskite NCs. At the same time, it provides a practical pathway 

toward reabsorption-free perovskite emitters suitable for applications that require long range 

light propagation. This work has been recently accepted in Advanced Science under the title 

“Halide-Exchange Arrest Enables Reabsorption-Free CsPbCl3/CsPbI3 Perovskite 

Core/Shell Nanocrystals.” 

Chapter 4 shifts the focus from engineering the emitter identity to engineering their 

surrounding photonic environment through plasmonic heterostructures. The central aim of this 

work is to achieve Purcell-enhanced emission from the semiconducting polymer PFO by 
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coupling it to Ag@SiO₂ heterostructures. The design of these structures is driven by the need 

to suppress the strong emission quenching typically observed for emitters near metal surfaces, 

while still exploiting the intense local electromagnetic fields associated with plasmonic 

resonances. This balance is achieved by carefully tuning the silica shell thickness, which 

simultaneously controls the plasmon-emitter separation and ensures spectral overlap between 

the NP resonance and the polymer emission. Although plasmonic cavities possess significantly 

lower quality factors (Q) than dielectric resonators, they compensate through their 

exceptionally small mode volumes (V)-several orders of magnitude smaller than those 

achievable in dielectric systems. Since the Purcell factor scales with the ratio of Q/V, the drastic 

reduction in V allowed these plasmonic heterostructures to sustain substantial Purcell 

enhancement even with modest Q. In this system, the optimized Ag@SiO₂ nanoparticles 

created a highly confined optical environment that accelerated the radiative decay of PFO and 

enhances its emission intensity, providing a clear experimental demonstration of 

plasmon-mediated Purcell enhancement. Building on this result, the coupled polymer-plasmon 

system was further developed into a nanocomposite scintillator to evaluate its performance 

under ionizing radiation. During integration into the polymer matrix, interchain aggregation of 

PFO-known to reduce scintillation efficiency-was mitigated by incorporating HfO2 NPs. HfO2 

NPs were selected for two reasons: their wide band gap that ensures transparency across the 

visible spectrum, and their high atomic number that contributes additional scintillation yield 

through high Z-sensitization. Within the composite, the Ag@SiO2 NPs demonstrated plasmon-

exciton coupling, reducing the radiative lifetime to approximately 190 ps and producing more 

than a twofold enhancement in radioluminescence under identical excitation conditions 

compared to bare polymer composite. When combined, these mechanisms-plasmonic Purcell 

enhancement, suppression of polymer aggregation, and high-Z sensitization-yield over a 

60-fold improvement in scintillation performance. This fully solution-processed and scalable 

materials strategy establishes a general design framework for next-generation hybrid organic 

scintillators that unite high light yield, ultrafast timing response, and compatibility with 

emerging radiation-detection architectures. The results of this study are currently being 

prepared for publication under the title “High-Yield, 150-ps Polymer Scintillators via 

Synergistic Purcell and High-Z Enhancement.” 

Taken together, the works presented in this thesis demonstrate how heterostructuring-applied 

at the level of emitters to modify their electronic landscape, and their surrounding photonic 

environment-can be strategically leveraged to tailor and enhance light-matter interactions. 
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7. Prospectives 

The research presented in this thesis underscores a central theme: heterostructuring-whether 

applied directly to emissive nanocrystals or to the emitters’ surrounding photonic environment-

offers a powerful and adaptable framework for engineering light-matter interactions. The 

findings here open several compelling pathways for future exploration, each capable of 

expanding the impact of nanoscale heterostructuring in meaningful ways. 

In the realm of QDs, perovskite nanocrystals remain one of the least explored yet most 

promising platforms for achieving photophysically interconnected heterostructures. The recent 

success in stabilizing core/shell architectures in materials once considered too ionic and too 

kinetically fragile marks only the beginning. Moving forward, opportunities abound: designing 

multishell or gradient interfaces that leverage controlled halide mobility; integrating 

mixed-dimensional perovskite domains to direct exciton migration; and developing 

heterostructures that pair perovskite cores with wide-bandgap shells to enhance stability and 

spectral tunability. Equally exciting is the prospect of coupling perovskite heterostructures with 

dielectric or plasmonic cavities to achieve tailored exciton confinement and enhanced 

emission. Collectively, these directions point toward a rapidly expanding design space in which 

perovskite heterostructures can be engineered with a precision once reserved for more covalent 

semiconductor systems. 

For plasmonic heterostructures, this work highlights the synergistic enhancement that emerges 

when high-Z sensitization is combined with plasmonic field concentration. While the present 

approach relies on Ag@SiO₂ nanoparticles to balance field confinement with HfO2 

nanoparticles for high-Z sensitization, a natural next step is to merge these functionalities into 

a single nanostructure. Replacing the dielectric shell with high-Z metal oxides such as HfO2, 

ZrO2, or IrO2 could yield compact, multifunctional particles capable of both plasmonic 

enhancement and efficient ionizing-radiation sensitization. Such dual-function platforms 

would simplify composite architectures while enabling synergistic effects inaccessible when 

the roles are separated across distinct components. 

Pushing heterostructuring even further, an emerging direction involves integrating plasmonic 

architectures directly onto silica nanospheres embedded with perovskite nanocrystals. In this 

design, the silica host organizes the emitters spatially, while a gold nanoshell grown around the 

sphere forms a tunable plasmonic cavity. If realized, this system could enable highly controlled 
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Purcell enhancement, improved dispersibility of perovskite nanocrystals in polar media, and 

ultrafast radiative processes-all within a fully solution-processed platform. 

A particularly exciting frontier lies in driving these hybrid systems into the plasmon-exciton 

strong-coupling regime. While this thesis has focused on Purcell-enhanced emission in the 

weak-coupling limit, entering the strong-coupling regime would generate hybrid light-matter 

states (plexcitons) with emergent properties such as Rabi splitting, modified energy landscapes, 

and altered radiative pathways. Notably, these phenomena have never been explored under 

ionizing-radiation excitation. Strong coupling in this context could reveal unconventional 

scintillation mechanisms, modified multiexcitonic dynamics, or enhanced timing responses-

offering both fundamental insights and new routes toward next-generation scintillators and 

quantum photonic materials. 

Together, these prospective directions illustrate the vast and still largely untapped potential of 

heterostructuring-whether through band engineering in QDs or field engineering in plasmonic 

systems-as a unifying strategy for advancing light-emitting materials.  

Ending with the opening from Richard Feynman-“there is plenty of room at the bottom,”- 

hopefully continued advances in heterostructuring may reveal that this space is vaster than we 

once imagined. 
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