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Abstract

Enhancing photoluminescence (PL) is central to advancing optoelectronic and
quantum photonic technologies. Low-dimensional CsPbX3 perovskite nanomaterials
have emerged as outstanding emitters due to their large exciton binding energies,
high oscillator strength, and the ability to sustain excitons at room temperature.
Strategies such as cavity-induced Purcell enhancement and plasmonic local-field
amplification offer powerful means to modulate their optical response, markedly
boosting PL intensity. This thesis investigates the coupling between metal nanopar-
ticles (NPs), optical nanocavities, and lead-halide perovskite nanostructures to
actively control and enhance emission, establishing both mechanisms and design
principles for hybrid light–matter architectures.

Pronounced plasmon-enhanced emission was demonstrated in Ag/CsPbBr3

nanowire hybrids. A two-step process combining superfluid helium droplet deposition
with wet-chemical growth enables precise NP sizing and tunable plasmon resonances,
while minimizing damping from chemical residues. Within a tailored four-layer
geometry, this approach yields an 8.5-fold PL intensity increase at 4 K, with
time-resolved measurements confirming accelerated recombination from plasmon–
exciton coupling.

Magnesium is further introduced as an alternative plasmonic material to conven-
tional noble metals. Benefiting from earth abundance and low cost, Mg supports
competitive plasmonic resonances and is readily synthesized via colloidal routes
into spheroidal Mg/MgO core–shell NPs. Near-field coupling between their dipolar
modes and CsPbBr3 nanowire emission delivers PL enhancement factors of 1.7× and
4.1× for different sub-100 nm particles at room temperature. Although weaker than
Ag in analogous designs, Mg’s self-limiting oxide shell provides improved ambient
stability, highlighting a sustainable pathway for plasmonic integration.

Finally, micro-PL studies on CsPbI3 nanoplatelets reveal pronounced quantum
confinement, with excitonic energies and recombination dynamics tuned by thickness.
Cavity-assisted measurements show brighter and more symmetric emission spectra
relative to off-cavity references, though without significant lifetime shortening.
These results indicate that excitation/collection efficiency and spectral filtering
dominate the observed enhancements, while Purcell acceleration remains weak
under the current cavity design.



Collectively, this work establishes new routes to control and amplify light emission
in perovskite nanostructures through plasmonic and cavity coupling, providing
insights for the rational design of scalable hybrid architectures for optoelectronics
and quantum photonics.
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1.1 Scope and Organization

This thesis focuses on understanding and tailoring exciton dynamics in lead halide

perovskite nanostructures through their interaction with plasmonic and photonic

resonances. The scope covers both fundamental aspects of light–matter coupling

and practical strategies to enhance photoluminescence (PL) efficiency, by employing

the localized surface plasmon resonances (LSPRs) of metal nanoparticles (NPs)

as well as dielectric nanocavities. Special emphasis is placed on how different

resonances affect excitonic recombination pathways and spectral characteristics

in different environments.

1
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The thesis is organized as follows. Chapter 1 describes the crystal and energy

structure of perovskite materials and their optical properties. It continues with

a discussion of plasmonics and the interaction of light with metals. Chapter 2

introduces the experimental techniques used throughout this work, including

sample preparation, optical characterization, and low-temperature spectroscopy

methods. The subsequent three chapters present the main experimental studies.

Chapter 3 investigates Ag NP enhanced PL of CsPbBr3 nanowires (NWs) at

cryogenic temperature (4 K), where excitonic features can be spectrally resolved.

Chapter 4 extends the study to Mg NPs, demonstrating room temperature (RT)

PL enhancement of CsPbBr3 NWs and assessing Mg as a low-cost alternative

plasmonic material. Chapter 5 shifts the focus from plasmonic enhancement to

photonic confinement, employing a two-dimensional (2D) nanocavity to couple with

the emission of CsPbI3 nanoplatelets (NPLs). This transition provides a direct

comparison between plasmonic and cavity-based strategies, highlighting the general

principles of resonant control in perovskite nanostructures.

Together, these studies establish a comprehensive framework for understanding

how plasmonic and photonic resonances can manipulate excitonic emission in

perovskite nanomaterials, offering both fundamental insights and practical guidelines

for future optoelectronic applications.

1.2 CsPbX3 Metal Halide Perovskite Materials

All-inorganic perovskite nanocrystals (NCs), such as CsPbX3 (X = Cl, Br, I), have

attracted sustained attention owing to their exceptional optoelectronic properties.

Their band structures can be precisely tuned, enabling absorption and emission

across the ultraviolet (UV) to the near-infrared (IR) region [1]; a high degree

of defect tolerance suppresses non-radiative recombination and underpins their

remarkable optical stability [2, 3]. In addition, all-inorganic perovskite NCs exhibit

high charge-carrier mobilities and long diffusion lengths, which are favourable

for efficient charge transport in optoelectronic devices [4–7]. Their exceptionally

high photoluminescence quantum yield (PLQY), often approaching unity, further
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enables highly efficient photonic energy transfer [8–10]. Collectively, these properties

establish all-inorganic perovskite NCs as promising materials for a wide range of

applications, including light-emitting diodes, lasers, and photovoltaics.

This thesis mainly focuses on low-dimensional all-inorganic perovskite NCs,

typically CsPbI3 and CsPbBr3, and presents a general background on the crystal

structure of perovskites, their phase stability, and the unique optoelectronic proper-

ties that make them attractive for fundamental studies and practical applications.

1.2.1 Structure
Crystal structure

Figure 1.1: Crystal structure of cubic perovskite CsPbX3 (space group Pm3̄m).
(a) Corner-sharing BX6 octahedral network. (b) Schematic representation of the unit cell,
where A-site cations (green) occupy the cube corners, B-site cations (blue) are located at
the body centre, and halide anions (orange) reside at the face centres.

Perovskite refers to a class of materials originally named after CaTiO3, and is

generally described by the chemical formula ABX3. In lead halide perovskites, the

A-site and B-site cations typically carry charges of +1 and +2, respectively, while

X represents an anion with a -1 charge. The crystal structure can be exemplified by

Pb-based halide perovskites as presented in Figure 1.1: the B-site cation resides
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at the body centre of the cubic cell, coordinated by six X-site anions at the face

centres to form a BX6 octahedron, while the A-site cations occupy the eight cube

corners. This highly symmetric framework serves as the parent structure from

which a wide range of structural variations and property tunability arise, making

halide perovskites particularly versatile for optoelectronic applications.

In real materials, however, deviations from this ideal stoichiometry are common.

Vacancies at the A-, B-, or X-sites, as well as interstitials or antisite defects, can

occur during synthesis or under external stimuli [11, 12]. These point defects not

only modify the local coordination environment but can also influence the overall

structural stability, electronic band structure, and carrier dynamics [12, 13]. The

remarkable defect tolerance of halide perovskites allows them to maintain high

optical quality despite the presence of such imperfections.

Unit cell and symmetry

The unit cell of an ideal perovskite adopts a highly symmetric cubic geome-

try, described by the space group Pm3̄m (often referred to as the α-phase), as

shown in Figure 1.1.

The lattice constant a for cubic perovskite phase (Pm3̄m) is set by a ≈ 2(rB+rX)

while the A-site cation must fit into the cuboctahedral cavity at the cube corner

with rA ≈
√

2 a/2 − rX. rA, rB, and rX are the ionic radii of the A-site cation,

B-site cation, and X-site anion, respectively.

The strong ionic bonding favours the formation of a cubic symmetry. Lower-

symmetry perovskite polymorphs, such as tetragonal or orthorhombic phases, can

arise from octahedral tilting and distortion. Under certain environmental conditions,

more severe distortions may further drive phase transitions into non-perovskite

structures or even lead to structural decomposition. A detailed discussion of the

phase transitions in CsPbBr3 and CsPbI3 will be presented later. The electronic

properties of perovskites are primarily governed by the B–X interactions, while

the A-site cation, although not directly contributing to the band structure, plays a

crucial role in charge balance and in stabilizing the framework through electrostatic
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interactions with the surrounding BX6 octahedra [14]. The tuning of the A-site

sizes also influences the tilting and distortion of the corner-sharing BX6 octahedra,

and thus modifies the lattice constant and the B–X–B bond angle, thereby enabling

indirect band gap engineering and adjustment of the optical properties [15, 16].

Not all ternary metal halides can form stable perovskite structures, since the

size of the A-site cation plays a decisive role in maintaining the ABX3 stability.

This effect was first introduced by Goldschmidt through the tolerance factor (t) [17],

and was later complemented by the octahedral factor (µ) [18, 19]. These factors

are defined as follows:

t = rA + rX√
2(rB + rX)

,

µ = rB

rX

Empirically, stable three-dimensional (3D) perovskite phases are most often

formed when 0.8 ≲ t ≲ 1.0 and 0.44 ≲ µ ≲ 0.90 [20]. If the A-site cation is

too small or too large, the lattice tends to distort or collapse, leading instead to

lower-dimensional or non-perovskite structures.

The tolerance factors reported for CsPbCl3, CsPbBr3 and CsPbI3 are 0.87,

0.86, and 0.81 respectively, denoting the specific low ambient phase stability for

CsPbI3 at cubic phase [21, 22].

In practice, only three A-site cations have been found to individually sustain

stable 3D lead halide perovskites: caesium (Cs+), methylammonium (MA+), and

formamidinium (FA+) [23, 24]. Other cations can occasionally be incorporated,

typically in mixed compositions or under special structural constraints. For example,

partial substitution with rubidium (Rb+) or potassium (K+) has been shown to

improve stability in mixed-cation perovskites [25–27], while bulky organic cations

(e.g., butylammonium) are well known to stabilize low-dimensional Ruddlesden–

Popper phases rather than true 3D frameworks [28, 29]. Ruddlesden–Popper phases

are layered, perovskite-derived structures consisting of finite slabs of corner-sharing

BX6 octahedra separated by additional rock-salt–type AX layers, as first described

by Ruddlesden and Popper [30, 31]. These observations highlight the delicate
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balance between ionic size and structural stability, as governed by the tolerance

factor, in determining whether a ternary halide forms a stable perovskite lattice.

Band edge energies

Figure 1.2: Electronic band structure and halide-dependent band alignment
of all-inorganic CsPbX3. (a) Diagram illustration of orbital hybridization in Pb-based
perovskites, where the conduction band (CB) is mainly derived from Pb(6p) orbitals, and
the valence band (VB) originates from the antibonding interaction between Pb(6s) and
X(np). (b) Tuning of band gap energy by varying the halide composition (X = Cl, Br, I),
showing the systematic shift of conduction and valence band edges. Adapted from [32]
with permission.

The electronic band structure of all-inorganic halide perovskites is generally

determined by the B-site metal cation and the halide anion. The conduction band

minimum (CBM) is typically derived from the metal cation np orbitals (e.g., Pb 6p,

Sn 5p, Ge 4p), while the valence band maximum (VBM) arises from the antibonding

interaction between the cation states and the halide np orbitals [33, 34]. In the

widely studied class of Pb-based CsPbX3 (X = Cl, Br, I), for example, the CBM

originates mainly from Pb(6p) orbitals, and the VBM is formed by hybridization

between Pb(6s) and X(np) states, as illustrated in Figure 1.2(a).

Most Cs-based perovskite NCs exhibit a direct band gap, which facilitates

efficient radiative recombination and accounts for their strong absorption and

remarkably high PLQY [1]. Nevertheless, a weak indirect character has been
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reported in distorted phases, arising from symmetry breaking and slight shifts of

the band extrema induced by the Rashba effect [35, 36]. This minor energetic

offset can be thermally overcome, and CsPbX3 thus generally retains the optical

characteristics of a direct band gap semiconductor.

The band gap energy can be tuned through halide substitution, with the CBM

and VBM shifting systematically depending on the halide ionic radius, as shown in

Figure 1.2(b). The degree of antibonding mixing of the anion orbital in the VBM

will decrease from Cl to Br to I because the anion p levels move upward, which

explains the decreasing trend of the gaps from Cl to I. Experimentally, the optical

band gap is reported to be approximately 3.0 eV for CsPbCl3 (∼ 410 nm), 2.3 eV for

CsPbBr3 (∼ 540 nm), and 1.7 eV for CsPbI3 (∼ 730 nm) [1, 9]. This wide tunability

across the visible spectrum makes all-inorganic halide perovskites highly attractive

for optoelectronic applications ranging from light-emitting diodes to solar cells.

Phase transition

Beyond the ideal cubic lattice, halide perovskites adopt a variety of lower-symmetry

phases, driven primarily by collective tilting of the BX6 octahedra. These transi-

tions govern not only symmetry lowering but also the stability window of the

perovskite phase.

Three photoactive phases, namely cubic (α, Pm3̄m), tetragonal (β, P4/mbm)

and orthorhombic (γ, Pbnm) exhibit corner sharing octahedra framework, and

are collectively referred to as the black phases. In contrast, the non-photoactive

phase δ-phase, which is referred as non-perovskite structure, could still retain

orthorhombic or trigonal symmetry with edge sharing octahedra [37–39]. Although

the α-phase exhibits the highest symmetry and is most desirable for optoelectronic

applications, it readily transforms into the thermodynamically stable δ-phase at

RT [40]. The instability of the perovskite phase in the bulk at RT is primarily

intrinsic, arising from factors such as lattice strain and ionic size mismatch, which

increase the free energy and destabilize the phase. Efforts have been made to

stabilize the α-phase, including surface passivation strategies [41] and exploiting the
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high surface-to-volume ratio of NCs [42]. Surface passivation employs surface ligands

to externally stabilize the crystal structure, even when the perovskite lattice cannot

intrinsically sustain the preferred high-symmetry phase. A higher surface-to-volume

ratio, corresponding to an increased fraction of surface atoms, allows lattice strain

accumulated in the bulk to be partially relieved at the surface, thereby lowering

the total strain energy and enabling the perovskite phase to persist.

Table 1.1: Reported phase transitions of CsPbBr3 single crystals with corresponding
temperature ranges and stable polymorphs [43, 44].

Temperature Range (K) Stable Phase Bandgap (eV)
< 380 Orthorhombic (γ) 2.32–2.36
∼380 – ∼403 Tetragonal (β) ) ∼2.37
> 403 Cubic (α) ∼2.38

Table 1.2: Reported phase transitions of CsPbI3 with corresponding temperature ranges
and stable polymorphs [38].

Temperature Range (K) Stable Phase Bandgap (eV)
< 610 (heating) Non-perovskite (δ)
> 610 (heating), > 550 (cooling) Cubic (α) 1.73
450–550 (cooling) Tetragonal (β)
< 450 (cooling) Orthorhombic (γ)

Table 1.1 and 1.2 present the summarized transition temperature and the

corresponding phase for CsPbBr3 and CsPbI3 respectively.

1.3 PL of Low-Dimensional Perovskite Nanos-
tructures

1.3.1 Low-Dimensional Perovskite and Quantum Confine-
ment

The reduction in dimensionality makes a substantial difference to the optical

properties of halide perovskites. Even though bulk 3D perovskites already exhibit

favourable PL characteristics, their low-dimensional counterparts, such as zero-

dimensional (0D) quantum dots (QDs), one-dimensional (1D) NWs and 2D thin

films have attracted particular attention in recent years [45–50]. In this thesis, the
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focus is placed on the PL of perovskite NWs and NPLs, with typical sizes on the

order of tens of nm. At this size scale, although the inherent emission properties

remain nearly unchanged relative to the basic ABX3 composition [51, 52], their

emission properties deviate significantly from those of classical bulk semiconductors

due to the pronounced influence of quantum confinement.

In low-dimensional perovskites, strong quantum and dielectric confinement

yield large exciton binding energies, typically tens of meV, so PL is dominated by

excitonic recombination even at RT [53], unlike the case in bulk 3D perovskites

where the exciton binding energy is only a few meV, and excitons are thermally

ionized at RT with the thermal energy kBT ≈ 26 meV, thus PL governed by

free carrier recombination.

Figure 1.3: Schematic density of states (DOS) in 3D, 2D, 1D, and 0D systems.

Within the free-electron approximation, the density of states (DOS) takes

distinct forms in different dimensions. As illustrated in Figure 1.3, DOS3D(E) ∝
√

E

increases smoothly with energy; DOS2D(E) is constant within each sub-band and

exhibits a stepwise increase; DOS1D(E) ∝ 1/
√

E − En shows singularities at the

sub-band edges; DOS0D(E) collapses into a set of discrete δ-functions. These DOS

characteristics directly affect the strength of Coulomb interactions and thus the

exciton binding energies. Thus, the progressive evolution of DOS from 3D to 0D

provides the fundamental basis for the enhancement of exciton binding energies

in low-dimensional semiconductors.



1. Introduction 10

The following sections will discuss in detail how quantum confinement modifies

the electronic band structure of perovskites, resulting in the enhancement of exciton

binding energies and the characteristic excitonic emission features observed in

low-dimensional perovskite systems.

1.3.2 Formation of Excitons

When the low-dimensional perovskite is excited by incident light at an energy above

the bandgap, electrons are promoted from the valence band to the conduction

band, leaving corresponding holes in the valence band. Since the spatial limit

restricts the free movement of the electron and holes, the strong overlap of both

wavefunctions facilitates the bonding of the electron–hole pair, or, the formation of

excitons. Empirically the strength of confinement can be evaluated by the Bohr

radius of the exciton and the size of the nanostructure.

Excitons are Coulomb-bound electron–hole pairs formed in semiconductors upon

optical excitation. Their properties can be described within the effective-mass

hydrogenic model, in which the electron and hole interact via a Coulomb potential

screened by the material’s dielectric constant. The exciton Hamiltonian reads

H = − ℏ2

2µ
∇2 − e2

4πε0εrr
, (1.1)

where µ = m∗
em

∗
h/(m∗

e + m∗
h) is the reduced mass, εr the relative dielectric constant,

and r the electron–hole separation. This analogy to the hydrogen atom leads to

discrete exciton states with well-defined binding energies and radii.

The characteristic spatial extent of the bound electron–hole pair is the ex-

citonic Bohr radius,

a∗
B = 4πε0εrℏ2

µe2 , (1.2)

which scales linearly with the dielectric screening and inversely with the reduced

mass. In GaAs, a∗
B ∼ 10 nm, while in lead-halide perovskites a∗

B ∼ 5–10 nm,

reflecting their stronger Coulomb binding due to reduced dielectric screening [1, 54].

Quantum confinement is expected whenever the physical dimension of the

nanostructure L approaches or falls below a∗
B. For example, the 1D NWs in Chapter 3
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feature one dimension of tens of µm and ∼20 nm for the other two dimensions,

which means that the quantum confinement is in two dimensions and along the NWs

there is no confinement. The NPLs in Chapter 5 feature a thickness of ∼5–10 nm,

indicating a strong confinement in one dimension and a 2D model for such a system.

In close analogy to the hydrogen atom, the exciton binding energies form

a Rydberg series.

En = − µe4

2(4πε0εr)2ℏ2 · 1
n2 = − e2

8πε0εra∗
B

· 1
n2 , = −

R∗
y

n2 (1.3)

where

R∗
y = µe4

2(4πε0εr)2ℏ2 = µ

me

1
ε2

r
Ry (1.4)

is the effective Rydberg constant, analogous to the hydrogen atom Rydberg constant

Ry = 13.6 eV. The corresponding average electron–hole separation scales as

Rn ∼ n2a∗
B, (1.5)

This leads to the simple scaling relation

En ∼ − 1
Rn

, (1.6)

The ground-state exciton binding energy in bulk semiconductors is therefore

E3D
b = R∗

y = µ

me

1
ε2

r
Ry = e2

8πε0εra∗
B

= −E1, (1.7)

with the radius R1 = a∗
B. The reduction of the exciton binding energy compared

to hydrogen is primarily due to two factors: (i) the smaller effective mass of the

exciton in a semiconductor compared to the free electron mass me; and (ii) the

dielectric screening of the Coulomb interaction by the relative permittivity εr.

Furthermore, the formula for Eb varies in reduced dimensions, where the exciton

binding energy is significantly enhanced due to stronger Coulomb interactions

and weaker dielectric screening.

In strictly 2D systems such as quantum wells or thin films, the exciton spec-

trum becomes [54]

E2D
n = −

R∗
y

(n − 1
2)2 , n = 1, 2, . . . , (1.8)
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with the ground-state binding energy E2D
b = 4R∗

y, i.e., four times larger than in 3D.

In 1D systems such as quantum wires, the Coulomb potential V (x) ∼ −e2/|x|

leads to a divergence in the idealized model. Therefore, there is no such universal

formula for binding energy under 1D quantum confinement. However, an even higher

binding energy of E2D
b over 8R∗

y has been reported in traditional semiconductor

NW [55], implying an increase of confinement due to the reduction of dimensions.

In 0D QDs, the electron and hole are fully confined, and the exciton binding

energy is governed by the dot size R. By solving the Schrödinger equation with

the boundary conditions and for extremely small R, we have [56]

E0D
b ∼ πℏ2

2µR2 . (1.9)

Thus, when the dot radius becomes comparable to or smaller than a∗
B, the exciton

binding energy can reach hundreds of meV, much larger than in the bulk [57].

Besides the relative motion of the electron–hole pair that gives rise to discrete

exciton binding energies, an exciton can also move as a whole quasiparticle within

the crystal. This centre-of-mass (COM) motion is characterized by a parabolic

dispersion with respect to the exciton wave vector K,

En(K) = Eg − EX(n) + ℏ2K2

2M
, (1.10)

where Eg is the band gap energy, EX(n) the binding energy of the n-th exciton state,

and M = m∗
e + m∗

h the total exciton mass. Needless to say, the energy levels above

the ground state are negligible in perovskites due to the line broadening by electron–

phonon coupling, dynamic disorder or and structural inhomogeneities [58, 59].

For the ground state (n = 1), this reduces to

E1(K) = Eg − Eb + ℏ2K2

2M
. (1.11)

and the equation is nothing but the dispersion relation of a free exciton.

In lead halide perovskites, excitons are of the Wannier–Mott type, with Bohr radii

(∼10 nm) much larger than the lattice constant (∼0.1 nm). This extended character

allows the exciton to be regarded as a mobile quasiparticle that can propagate

through the lattice, in close analogy to a free particle with effective mass M.
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1.3.3 Excitonic Recombination

Figure 1.4: Schematic of the Wannier–Mott exciton with optical excitation.

Exciton absorption and emission can be regarded as inverse processes. In

absorption, as noted with the arrows in Figure 1.4, because the photon momentum

is several orders of magnitude smaller than the Brillouin zone dimensions, optical

absorption can only create excitons with COM momentum K ≈ 0. Direct excitation

of finite-K excitons is forbidden in the dipole approximation, as indicated by

the crossed arrow.

In the PL process, excitons created at higher states or in the continuum relax

non-radiatively into the ground state, and only those at K ≈ 0 can recombine

radiatively, producing the dominant PL peak. It should be noted that optical

excitation above the band gap also promotes electron–hole pairs directly into the

continuum. These free carriers relax rapidly via phonon scattering, and part of

them can be captured by Coulomb interaction to form bound excitons. Therefore,

even under above-band-gap excitation, the PL spectrum is often dominated by

the recombination of the ground-state exciton. In cases where exciton binding is

weak or nonradiative channels dominate, continuum carriers may instead recombine

directly across the band gap, producing a broad emission background.
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Quantum confinement modifies this picture by compressing the exciton in real

space, which, according to the uncertainty principle, broadens its distribution

in momentum space. This relaxes the strict K-selection to some extent, and

increases the interaction with a wider range of momentum states, especially in

low-dimensional perovskites such as NPLs or NWs.

Furthermore, excitons in reduced dimensions such as small QDs and thin NPLs

can undergo fine structure splitting due to a combination of exchange interactions,

spin–orbit coupling, and lattice symmetry breaking, lifting the degeneracy of

excitonic states, resulting in distinct energy levels corresponding to bright and

dark excitons [60–62]. The bright exciton states are optically allowed and dominate

radiative recombination, while dark excitons are spin-forbidden and exhibit different

recombination characteristics [63]. This phenomenon further reveals the power of

quantum confinement on the excitonic emissions.

Exciton–phonon interaction

In semiconductors, acoustic phonons play an important role in momentum transfer

and allow excitons to scatter between finite-K states and relax toward the radiative

zone near K ≈ 0, which is also demonstrated in perovskites [64]. In polar

semiconductors like lead-halide perovskites, excitons could couple strongly to

longitudinal optical phonons (LO phonons) [65]. Since LO phonons can carry

substantial momentum, they provide the missing momentum required for optical

transitions into or out of finite-K exciton states [66]. As a result, both absorption

and PL may show phonon-assisted features, such as linewidth broadening and

sidebands shifted by the LO phonon energy [44, 59, 67–69]. Additionally, strong

exciton–phonon coupling can lead to the formation of self-trapped excitons (STEs),

where the exciton wave function becomes localized in real space due to local lattice

distortions, common in perovskites. Such localization implies a broader distribution

in momentum space, allowing recombination across a wide K range and giving

rise to broadband PL emission [70, 71].
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However, trap states introduce sub-bandgap energy levels that can capture

photoexcited carriers, facilitate non-radiative recombination via the Shockley–Read–

Hall (SRH) mechanism [72, 73]. In this process, electrons and holes recombine

through a localized defect state, releasing energy in the form of phonons rather than

photons. This mechanism, unlike spectral reshaping processes, reduces the overall

PL efficiency and typically manifests as shorter lifetimes of PL from excitonic

recombinations.

Multi-exciton states and Auger recombination

Multi-excitonic behaviour such as biexciton emission and Auger recombination

are significant in low-dimensional perovskites.

Under high excitation densities, multiple electron–hole pairs can occupy a single

nanostructure, and the most general case is of two-exciton interaction. The emission

line is shifted and broadened relative to the single exciton emission due to repulsive

interaction, as was demonstrated in CsPbBr3 NCs [74]. The biexciton binding (or

anti-binding) energy can reach ∼100 meV in lead-halide perovskite NCs given the

strong Coulomb interaction under confinement [75].

The presence of multiple excitons also activates strong non-radiative Auger

recombination. In this process, one electron–hole pair recombines, with its en-

ergy transferred to a third carrier instead of emitting a photon. This leads to

ultrafast decay of multi-exciton populations, manifested experimentally as fast

decay components in lifetime traces [76]. Due to enhanced carrier overlap, Auger

recombination is particularly efficient in perovskite QDs and NPLs, especially

representing a major loss channel at high excitation powers [77, 78], although much

of the work presented in this thesis involves carrier and excitonic densities that

are too low to invoke any major Auger effects.
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1.3.4 Recombination Dynamics

Carrier/Exciton dynamics in the ABC model. Under excitation, the carrier

density n(t) follows the fomula as ABC model [79]

dn

dt
= G(t) − An − Bn2 − Cn3, (1.12)

where A denotes monomolecular (trap-assisted, SRH) recombination, B denotes

bimolecular radiative recombination, and C denotes Auger (three-particle) recom-

bination. G represents the carrier generation rate. For pulsed excitation, G(t) is

finite only within the duration of the excitation pulse and is zero at all other times.

Excitonic vs. free-carrier picture. When Eb ≫ kBT (strongly bound Wannier–

Mott excitons), the photoexcited electrons are mostly bonded to a corresponding

hole, in which case one may treat n as the exciton density; then the radiative

channel is effectively monomolecular, while non-radiative traps add to A, and

multi-exciton Auger retains the cubic loss:

dnX

dt
= GX − (AX + Anr)nX − CXn3

X, IPL ∝ nX. (1.13)

Low-dimensional perovskites. Quantum confinement reshapes the recombina-

tion coefficients. (i) Trap states at surfaces or interfaces can strongly increase the

monomolecular coefficient A, unless adequately passivated; (ii) enhanced carrier

wavefunction overlap boosts the radiative recombination term; (iii) the same spatial

overlap also strengthens Auger interactions, thereby increasing the coefficient C.

These trends explain both the sublinear power dependence of PL at high pump

fluences and the pronounced sensitivity to sample morphology. Experimentally,

PL transients in perovskites frequently display multi-exponential decays, reflecting

the coexistence of trap-assisted recombination, occasional Auger processes, and

excitonic contributions. Therefore, disentangling the relative weights of these

channels requires careful consideration of carrier density, trap density, morphology,

and dimensionality of the system. It should also be noted that the applicability of the

simple ABC formalism to lead–halide perovskites has been debated. Recent studies
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indicate that the ABC model may fail to fully capture recombination dynamics

under relatively intense excitation, implying that the excitation power regime plays

a crucial role in correctly revealing the underlying processes [80, 81].

1.4 Plasmon-enhanced PL Emission

1.4.1 Localized Surface Plasmonic Resonance

When electromagnetic waves strike a metal surface, the free electrons in the metal

collectively oscillate with the oscillation of the incident wave. At a specific frequency,

the amplitude of this collective oscillation reaches its maximum, forming plasmon

resonance, leading to absorption and scattering of light in specific wavelength

regions [82]. For bulk materials, whose sizes in all dimensions far exceed the

wavelength of light, plasmons vibrate at the so-called plasma frequency, whose

energy is determined by [83]

Ep = ℏ
√

Ne2

mϵ0

where ϵ0 represents the permittivity of free space, N denotes the electron density,

e is the electron charge, and m is the electron mass.

Unlike the collective oscillations of electrons in bulk materials, the surfaces

of metal micro- and nanostructures can support another important type of free

electron collective oscillation, namely surface plasmon oscillation. Surface plasmon

oscillation occurs at the interface between metal and dielectric and can propagate

along the interface or be localized within the metal nanostructure, the latter

being referred to as LSPR.

Figure 1.5: Illustration of electron cloud oscillation in a metallic small particle
under incident light LSPR.
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The scattering from metallic nanostructure surfaces of incident light fields gives

them a wide distribution of wave vectors, allowing localized surface plasmons to be

directly excited by incident light. When the particle’s geometric parameters are

much smaller than the wavelength of the surrounding light, the interaction between

the NP and incident light can be described using a quasi-static approximation.

In this case, the electric field can be regarded as spatially uniform across the NP,

allowing the particle to oscillate coherently with the incident field, and the problem

reduces to an interaction with an electrostatic field. The complete description

of scattering and absorption by spherical NPs is provided by Mie theory, which

solves Maxwell’s equations without the size restriction. In the small-particle limit

(a ≪ λ), Mie theory reduces to the quasi-static dipole solution, thereby linking

the Drude dielectric function with the experimentally observed absorption and

scattering features of metallic NPs below ∼100 nm in the visible regime [84].

For spherical metallic NPs in the quasi-static limit, the LSPR occurs when

the real part of the dielectric function satisfies

Re{ε(ω)} = −2εm, (1.14)

with εm the dielectric constant of the surrounding medium. In terms of wavelength,

the resonance peak is approximately given by

λmax = λp√
2n2

m + 1
, (1.15)

where λp is the plasma wavelength of the bulk metal and nm is the refractive

index of the medium.

Beyond spherical symmetry, the plasmon resonance is modified by the particle

morphology. The Gans extension of Mie theory shows that for ellipsoidal NPs, the

polarizability along a given axis i can be expressed as [85]

αi ∝ ε − εm

εm + (ε − εm)Pi

, (1.16)

where Pi is the depolarization factor determined by the aspect ratio. This predicts

distinct longitudinal and transverse modes, with the longitudinal mode red-shifting

as the particle elongates. These results highlight that the LSPR peak is strongly

governed not only by the dielectric environment but also by NP size and shape.
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1.4.2 LSPR-enhanced PL

LSPR can substantially enhance the PL of nearby emitters by modifying both

the excitation and emission processes.

The strong confinement of the electromagnetic field within the regions below

the diffraction limit near metallic nanostructures leads to significant local field

enhancement and increases the excitation rate of emitters placed within the

plasmonic near-field [86]. In semiconductor systems such as lead halide perovskites,

where excitons dominate the optical response, this local field amplification directly

enhances exciton generation rates.

In addition to modifying excitation, plasmonic resonances can act like optical

cavities, strongly influencing the emission pathway [87]. Coupling between excitonic

dipoles and plasmonic modes alters the local density of optical states (LDOS),

resulting in an increased radiative recombination rate through the Purcell effect.

Such an accelerated radiative channel competes with non-radiative recombination

processes, leading to enhanced external quantum efficiency.

Figure 1.6: Schematic illustration of PL excitation and decay pathways in (a)
free-space condition and (b) LSPR-coupled system. In free space, carriers are
excited from the ground state (S0) to the excited state S1 by an external optical field E,
followed by either radiative recombination with rate Γr or nonradiative recombination
with rate Γnr. When coupled to plasmonic nanostructures, the excitation can be enhanced
by the nearby LSPR ELSPR, while additional decay channels appear with respect to
the boosted LDOS. The short horizontal line below S1 is to indicate the branching of
relaxation pathways, with the black arrow representing the transition from the excited
state into these decay channels.

The interaction between an emitter and a resonant mode can be further quantified

by the coupling strength g as shown below. For an two-level emitter with transition
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dipole moment µ⃗eg interacting with the cavity electric field E⃗, the coupling strength

can be expressed as [88]

g = µ⃗eg · E⃗ = µ⃗eg ·
√

ℏωc

2ε0εrVeff
, (1.17)

where ωc is the cavity resonance frequency, ε0 is the permittivity of free space, εr is

the relative permittivity of the cavity medium, and Veff is the effective mode volume.

In the weak-coupling regime, the effect of g is manifested through the Purcell

enhancement of spontaneous emission, with typically reduced lifetimes, whereas the

strong-coupling regime gives rise to hybrid exciton–photon (or exciton–plasmon)

polaritonic states with characteristic mode splitting [89].

It is clear that a smaller mode volume and stronger dipole moment lead to

larger coupling strengths, and therefore plasmons are favoured due to their ability of

localized confinement. In such a scenario, plasmonic coupling could be regarded as

a special cavity that confines the E field to a sub-wavelength nanoscale volume [90].

Considering the formula for both the coupling strength and Purcell factor (shown

below), the extremely low volume leads to high enhancement factors [87].

The framework of the Purcell effect generally describes how resonant nanostruc-

tures modify spontaneous emission rates. The enhanced radiative recombination

rate Γrad of an emitter is related to the intrinsic rate Γ0 through the Purcell factor

FP, which is defined with respect to a resonant mode characterized by a quality

factor Q and an effective mode volume V as [88]

FP = Γrad

Γ0
. (1.18)

FP = 3
4π2

(
λ

n

)3
Q

V
, (1.19)

where λ is the emission wavelength and n is the refractive index of the medium.

This expression reveals that radiative enhancement is maximized when emitters are

spectrally and spatially coupled to high-Q/low-V resonances. As discussed above,

plasmonic nanostructures provide extremely small mode volume V , but the Q factor

in practical with metal NPs may strongly limit the overall performance due to
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Ohmic losses. Since the Purcell effect serves as a unifying principle underlying both

plasmon-enhanced and cavity-enhanced emission, the following chapters also study

classic nanocavities with defined Q to evaluate the modification of PL.

1.4.3 Metals as Plasmonic Materials

According to the resonance condition (Eq. 1.14), for a metallic NP embedded in a

dielectric medium with complex permittivity ε(ω) = ε1 + iε2, the resonance occurs

when the real part satisfies ε1 ≈ −2εm. Therefore, metals with a negative ε1 of

suitable magnitude across the visible or near-IR regime are preferred for sustaining

LSPR. In practice, however, the imaginary part ε2 represents the damping of free

electron oscillations and accounts for Ohmic losses. A large ε2 indicates that instead

of coherently oscillating with the incident light to form LSPR, the electron motion

dissipates energy as heat, thereby limiting the strength and quality of the resonance.

Therefore, a quality factor as the rate of resonance and damping is defined to

evaluate the ability of metals to generate LSPRs,

Q1 = −ϵ1

ϵ2
(1.20)

Moreover, the resonance behaviour of LSPR can be directly compared to that

of a damped harmonic oscillator, where a quality factor characterizes the balance

between energy storage and dissipation. By definition, Q is the ratio of the resonance

frequency to the linewidth. In the plasmonic case, a similar Q factor is governed

by the complex dielectric function of the metal, such that in the small-particle

limit it can be expressed as [91]

Q2 =
∣∣∣∣∣ω (dε1/dω)

2ε2

∣∣∣∣∣ , (1.21)

This expression highlights the dual role of the dielectric response: the slope of

ε1 determines how strongly the electrons respond to the driving field, while ε2

accounts for Ohmic losses that dampen the oscillation.

Figure 1.7 summarizes the dielectric functions and Q-factors for different metals

in the UV to IR range, directly showing the advantageous materials for a range

of applications.



1. Introduction 22

Figure 1.7: Dielectric functions of representative plasmonic metals: (a) real
part, (b) imaginary part, and the derived figures of merit (c) Q1 and (d) Q2.
Reprinted from Ref. [92] under CC BY 4.0 license.

Specifically, the resonance condition in air (εd ≈ 1) requires Re{ε(ω)} ≈ −2.

The real part shown in panel (a) remains negative across the UV to near-IR spectral

range for all metals, which is a prerequisite for sustaining plasmon oscillations.

The suitability differs by spectral region: Ag and Au exhibit appropriate values

of ε1 in the visible, accounting for their widespread use as conventional plasmonic

materials; Mg and Al decrease more rapidly, making them suitable for plasmonics in

the near UV range; while Cu also maintains ε1 ∼ −2 within the visible range with

better matching than Ag, the high ϵ2 limits its effectiveness, resulting in low Q1.

Among noble metals, Ag shows the lowest ε2 across the visible, yielding superior

performance; Au remains effective in the red but exhibits stronger damping toward

the blue. Mg, as a relatively new plasmonic candidate discussed in this thesis,

also maintains a low ε2 across the visible, highlighting its promise as a low-cost

alternative plasmonic metal, especially in the blue and UV.

Panels (c) and (d) quantify the plasmonic quality factors Q1 and Q2. Ag

consistently exhibits the highest Q values in the visible region, confirming its superior

performance, while Mg reaches Q values comparable to or even exceeding those of

Ag in the UV–blue regime, underscoring its emerging potential as an alternative
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plasmonic material. These comparisons highlight the continued dominance of Ag in

the visible and the promising role of Mg, providing the motivation for the following

chapters to explore their LSPR characteristics in the context of PL enhancement

from perovskite nanostructures.

Furthermore, the morphology imposes additional limitations on plasmonic

performance, where the size, shape, and intrinsic material properties collectively

influence the strength of the LSPR and its spectral characteristics [82, 93]. Figure 1.8

summarizes recently reported experimental plasmonic spectral ranges for different

metals and geometries, further illustrating how morphology-dependent effects

determine the accessible wavelength regime and resonance quality.

Figure 1.8: Comparison of typical plasmonic spectral ranges for various metals
and nanostructure geometries. Adapted from [94] with permission.
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2.1 Introduction

In this chapter, an overview of the experimental techniques involved in the following

chapters is provided.

The PL characterisation in this work was primarily performed using a micro-PL

(µPL) setup equipped for both RT and cryogenic measurements combined with

a pulsed laser to excite the samples optically. Spatially resolved PL spectra were

acquired by focusing the excitation laser onto individual nanostructures, enabling

investigation of sample heterogeneity. Time-resolved PL (TRPL) measurements

24
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were carried out using a time-correlated single-photon counting (TCSPC) system to

study carrier dynamics with sub-nanosecond resolution. In addition, PL mapping

across selected areas was conducted to correlate spectral features with spatial

morphology, offering insight into microscale variations in optical response.

In the thesis, different plasmonic metal NPs and perovskite NCs were employed

for the PL investigations. The synthesis of all perovskite NW samples discussed

in Chapter 3 and Chapter 4, as well as the fabrication of size-controlled Ag NPs

described in Chapter 3, was carried out by the group of Prof. Shengfu Yang at

the University of Leicester. The synthesis of plasmonic Mg NPs, with and without

silica coating, was conducted by the group of Prof. Emilie Ringe at the University

of Cambridge. The fabrication of perovskite NPLs with varying layer numbers was

performed by the collaborative group led by Prof. Robert Hoye in the Department

of Chemistry, University of Oxford.

2.2 µPL spectroscopy

The µPL spectroscopy technique is capable of recording spatially-resolved PL

spectra, with a resolution of the order of micrometers. The realization of such

resolution comes from confocal spectroscopy that aligns the illumination and the

collection paths through the same high numerical aperture (NA) objective. By

focusing both excitation and collection to the same diffraction-limited spot and

rejecting out-of-focus light, µPL enables the investigation of local optical properties

within single nanostructures or heterogeneous regions of the sample, and when

the excitation or collection spots are scanned across the surface of the sample

2D hyperspectral maps can be recorded with spectral and spatial information

available at each recorded point.

This technique is particularly useful for studying perovskite NWs, NPLs, and

other micro-/nano-scale materials, where spatial inhomogeneities [48, 95] and local

field effects [96] play a significant role in the observed PL behaviour. When combined

with temperature control or time-resolved capabilities, µPL becomes a powerful

tool for probing carrier dynamics under variable conditions.
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A typical µPL spectroscopy system consists of three parts: excitation source,

microscope, and signal detection. Depending on the characteristics of the sam-

ples and the specific research objectives, different experimental setups were em-

ployed in the study.

Figure 2.1 shows an example of the optical characterization setup used in this

thesis, configured for time-resolved measurements with a 405 nm, 76 MHz pulsed

laser excitation source, which is suitable for probing short carrier lifetimes in the

sub-nanosecond to few-nanosecond regime. The system includes a high-resolution

microscope objective lens, typically 50 or 100× magnification, for focusing and

collection, a cryostat for temperature control, a piezo stage for position control and

a TCSPC module for lifetime acquisition. This configuration allows for high spatial

and temporal resolution in the study of perovskite nanostructures and is the most

commonly used one. A telecentric 4f system is integrated into the excitation path,

enabling precise relay imaging of the beam profile between optical planes, which will

be explained further later. Moreover, an LED white light source with a commercial

camera connected to a computer is also aligned to the microscopy optics so that

the real-time image of the sample surfaces can be viewed and recorded, allowing a

more precise and more straightforward control for the investigations.

In practice, to further achieve objectives such as controlling incident light power

and temperature, additional modules—such as a temperature controller connected to

the cryostat with a temperature sensor, and a tunable ND filter—are also integrated

into the setup. Figure 2.2 shows a photograph of the setup, where the optical design

maximizes performance, convenience, and safety for experimental use.

Using this setup as an overview, the following sections will provide a step-by-step

discussion of the system, beginning with the laser source.

2.2.1 Laser Sources

In this work, a Ti:Sapphire femtosecond laser was used as the main excitation

source, playing a central role in the most significant PL and TRPL measurements

on perovskite samples. In addition, taking into account the relatively short lifetime
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Figure 2.1: A schematic diagram of the confocal µPL setup shows a frequency-
doubled femtosecond laser emitting light at 400 nm, focused onto a sample
using a 100× microscope objective. L: Lens. B: Beam Splitter. LPF: Long-pass
Filter. The excitation source is a Ti:Sapphire pulsed laser. The sample is mounted
inside a cryostat on an XY stage, which can be positioned manually. The objective lens
is mounted on a piezoelectric XYZ stage allowing precise positioning of the laser spot
under software control. The spectrometer output can be directed either to a CCD camera
for spectral acquisition or to an APD connected to a photon counter for time-resolved
measurements, selected via a built-in slit.

of carriers in perovskites, a 405 nm diode pulsed laser was also used in a separate

set of PL mapping experiments to study the spatial distribution of the emission.

Several CW lasers, primarily blue diode lasers with central wavelengths in the range

of 400–450 nm and typical output powers on the order of a few milliwatts, were

also occasionally used. As the most critical results were obtained using pulsed laser

sources, their specifications are provided below for reference.

400 nm fs Pulsed laser

An ultrafast laser system was used to deliver fs pulses at 400 nm for PL measure-

ments especially high-resolution decay curves. The complete setup comprises

the following modules:

Coherent Verdi V8 pump laser
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Figure 2.2: A photograph of the µPL system. 1: The 400 nm fs pulsed laser as
the excitation source. 2: The optical components, including the path of the LED and
the optics for the 4f system for accurate imaging, and the manual xy stage on which the
cryostat with the sample lies. 3: The spectrometer with CCD aligned to an output slit.
4: The temperature control module, connected to the temperature sensor in the cryostat.

The Nd:YVO4 CW laser employed in this system functions as the pump to the

400 nm laser output. It operates at a wavelength of 532 nm with a maximum output

power of approximately 8 W. This green beam delivers a high-quality TEM0 0 spatial

mode and exhibits exceptionally low relative intensity noise (<0.02% rms) [97],

making it particularly well-suited for applications requiring high stability and

beam coherence [98].

Coherent Mira 900 Ti:Sapphire fs oscillator

The 532 nm output from Verdi V8 then enters the Mira 900 oscillator as a pump,

generating 800 nm pulses with a repetition rate at 76 MHz and pulse durations

typically at 100 fs. Mode-locking in Coherent Mira 900 is achieved by the Kerr-

lens mode-locking mechanism.

The Kerr-lens mode-locking technique is widely employed in Ti:Sapphire oscilla-

tors to generate ultrashort pulses with high peak powers [99]. Generally speaking,

this so-called self-focusing effect is a nonlinear optical phenomenon arising from the

intensity-dependent refractive index of the gain medium (in this case the Al2O3
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crystal doped with Ti ions) [100, 101]. The relation between the beam intensity

and the refraction index of the medium can be expressed by

nI = n0 + n2I

where n0 is the linear refractive index, n2 is the nonlinear refraction index and I

is the intensity of the laser. It is reported that the n2 for Ti:Sapphire is around

3 × 10−16 cm2/W [102], which is relatively low compared to the n0 of the order of 1.

Therefore, under high-intensity fs pulsed conditions, this phenomenon dominates

and acts as an intensity-dependent lens within the laser cavity, favouring the

formation and amplification of short pulses over CW operation. Additionally,

dispersion compensation elements are incorporated within the cavity to maintain

pulse duration and spectral bandwidth [103, 104].

Pulse Switch

A pulse picker and cavity dumping system is employed to reduce the effective

repetition rate from approximately 76 MHz to lower frequencies by adjusting the

divider on the control panel, thereby maintaining the per-pulse energy. The ability

to flexibly adjust the repetition rate is critical for experiments, as it helps maintain

sample integrity by avoiding multiple excitations within the carrier decay time

and preserves the benefits of high-intensity output. The pulse picker employs an

acousto-optic modulator driven by a powerful radio frequency pulse to diffract

pulses out of the main beam with an efficiency of ∼ 50%.

The maximum output power of the 800 nm pulsed laser, measured immediately

after the pulse picker, was approximately 40 mW with highly stable readings. In

most experiments, the pulse picker was operated with a divider setting of 10,

resulting in an effective repetition rate of 7.6 MHz. Using the relation

Epulsed = P

f
,

the energy per pulse was estimated to be approximately 5.26 nJ. Assuming a

Gaussian temporal profile for each pulse and a pulse duration of ∼100 fs, the

corresponding peak power was calculated to be on the order of 50 kW.
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Ultrafast Harmonic Generation System

To obtain the desired 400 nm output for excitation experiments, an Inrad

Model 5-050 harmonic generation system was employed to perform second-harmonic

generation (SHG) of the fundamental infrared (IR) pulses. Within the module,

a beta-barium borate (BBO) nonlinear crystal is used to frequency-double the

incoming 800 nm fs pulses, generating blue pulses centred at 400 nm. Owing to the

ultrafast nonlinear response and minimal group velocity dispersion of thin BBO

crystals, the pulse duration of the second-harmonic output remains comparable to

that of the fundamental, yielding ∼ 100 fs pulses [105]. This output is particularly

well suited for above-bandgap excitation in perovskite PL experiments, especially

for probing the ultrafast carrier dynamics during the initial decay phase.

405 nm PicoQuant Pulsed laser

In the PL mapping setup, the excitation source consists of a LDH-P-C-405 pulsed

diode laser head with an output at 405 nm, driven by a PicoQuant PDL 800-B

driver [106, 107]. This compact and stable laser module enables efficient excitation

of perovskites, and is well-suited for spatially resolved PL measurements. Unlike

the mode-locking mechanism used in Ti:Sapphire lasers, the generation of optical

pulses in the diode laser system is directly controlled by the external driver. The

PDL 800-B driver produces short, well-defined electrical pulses that drive the laser

diode for a brief duration above its lasing threshold, resulting in ps optical pulses of

width < 70 ps [107]. The base trigger frequency is 40 MHz,and the integrated pulse

generator includes selectable repetition rate dividers (1, 2, 4, 8, 16, 32), allowing

flexible adjustment of the output pulse frequency to suit different experimental

requirements [107]. This tunable repetition rate is particularly useful for optimizing

the excitation fluence and avoiding cumulative heating effects or photobleaching

during long-duration spatial mapping, which is crucial for delicate semiconductors

such as perovskites [108, 109].
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The precise electrical pulse output from the PicoQuant driver also serves as

the synchronization reference for the excitation laser, ensuring accurate timing for

lifetime measurements, which will be discussed in detail in section 2.4.

2.2.2 Optical Layout and Microscopy Setup

Refering to Figure 2.1, all the optical layouts share a standard configuration. After

emission from the laser source, the excitation beam first passes through a set of

reflective mirrors and a electrically-controlled shutter, which serves to enable or

block the beam as required. The beam then propagates through a 4f system

equipped with a pinhole at the Fourier plane, serving as a spatial filter to clean

the beam profile and enhance focus quality.

Following the 4f system, the laser is coupled into the objective lens to excite the

sample. The resulting excitation spot can be focused down to approximately 1 µm

in diameter when the 100× 0.7 N.A. Mitutoyo long working distance objective is

used. The PL signal emitted from the sample is collected by the same optical path

in an epi-illumination configuration. Along this return path, appropriate optical

filters are placed in the beam path to suppress residual laser light, thereby ensuring

a high signal-to-noise ratio for the spectroscopic measurements.

The sample is mounted on a manually adjustable stage with micrometer screws

for both the x and y axes, enabling precise lateral positioning. A confocal detection

geometry is employed in the collection path, in which only the signal from the

focal plane is directed into the spectrometer, thereby improving spatial resolution

and suppressing out-of-focus background.

Additionally, a white LED illumination path is integrated into the system

via beam splitters. This allows real-time imaging of the sample surface using a

Thorlabs camera, enabling convenient alignment, focus adjustment, and continuous

monitoring during measurement. The LED and laser paths are spatially combined

and carefully aligned, to ensure that the resulting beam remains within the optical

window of the microscope.
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It should be noted that due to multiple reflections and beam-shaping elements,

substantial power losses occur along the excitation path. While the total trans-

mission efficiency from the laser source to the sample surface was not directly

measured, power readings taken between the shutter and the microscope input

consistently showed losses of at least 50%, underscoring the importance of careful

alignment and optical throughput optimization.

A significant portion of the beam path is constructed using the Thorlabs cage

system, which offer excellent mechanical stability and modular alignment capabilities.

Optical components are primarily arranged at 45◦ or 90◦, making the system easy

to align and reducing sensitivity to external disturbances, improving the reliability,

safety, and operational efficiency of the setup.

4f System

The 4f system in our optical path consists of two identical lenses spaced by the sum

of their focal lengths, as shown in figure 2.3. It is arranged such that the first lens

focuses the incoming beam to an intermediate focus and the second lens re-collimates

the beam allowing it to fall on the input of the microscope objective lens. The input

focal plane corresponds to the reflection path from the upstream mirrors, while the

output focal plane is aligned to the back aperture of the objective lens.

Additionally, a mirror located at the input focal plane is piezo-controlled, allowing

the precise adjustment of the beam’s incident angle on the objective, which in the

small angle approximation allows the laser spot to be scanned across the sample

surface as x = fθ. When coupled with the piezo scanner into which the objective

is mounted, this system allows for the excitation of the sample at one position

and collection of light from another.

Confocal Signal Collection

In this setup, confocal detection is realized through the combined functionality of

the microscope optics and the entrance slit of the spectrometer. The excitation

beam is tightly focused onto the sample (order of 1 µm) via the high NA objective,

while PL emission is collected by the same objective and focused onto the incident
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Figure 2.3: A schematic diagram of a 4f system.

slit of the spectrometer through the optical system. A long-pass filter is inserted in

the collection path to effectively suppress residual excitation light. A lens focuses

the collected PL onto the spectrometer slit, which is placed at the confocal plane.

The spectrometer slit’s width is adjustable, allowing a balance between spatial

resolution and signal intensity. Emission from regions outside the focal plane is

not well focused at the slit and will be effectively suppressed, enhancing the spatial

selectivity and background rejection of the detection.

Most of the results were obtained using a Mitutoyo objective lens (100×, NA

= 0.7), providing a focused laser spot size of approximately 1 µm. In some cases,

a 10× objective lens was employed instead, allowing excitation over a larger area

while preserving the high signal-to-noise optical configuration. This enabled the

observation of collective PL emission across extended regions of the sample surface

(100 µm2 as opposed to 1 µm2).

White Light Illumination and Imaging System

To enable real-time imaging and precise alignment of the sample, a fibre-coupled

white light LED source is integrated into the optical path via a beam splitter.

A Thorlabs Quantalux sCMOS camera is used to capture bright-field images

of the sample or to visualize the PL signal when the excitation laser is on. This

camera, connected to the acquisition computer via USB and operated using Thorlabs

ThorCam software, offers high sensitivity and spatial resolution for visualizing
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the sample in real time. The beam splitter in the collection path controls the

collection path: when inserted, it diverts the signal to the camera, enabling real-

time imaging; when removed, the full signal continues toward the spectrometer

for spectral acquisition.

2.2.3 Temperature Control

Given that the PL properties of perovskite materials exhibit strong temperature

dependence, temperature-resolved measurements are essential for a comprehensive

understanding of their emission behaviour. For example, the behaviour of excitons,

carrier recombination pathways, and defect-state dynamics can vary significantly

between cryogenic and room temperatures. At RT, thermal activation can facilitate

carrier trapping into deep defect states, which may lead to longer carrier lifetimes

and lower radiative efficiency. In contrast, at low temperatures, non-radiative

recombination is typically suppressed, leading to enhanced PL intensity and narrower

spectral features due to reduced phonon interactions. In addition to changes in the

PL spectrum, the narrower and enhanced emission peak at low temperatures offers

improved spatial resolution, making it easier to distinguish individual nanostructures,

as carrier diffusion is strongly limited. Therefore, while the primary goal of this

work is to investigate PL enhancement induced by plasmonic nanostructures or

optical cavities under RT conditions, low-temperature experiments are also valuable

for understanding the emission processes of the hybrid structures of interest.

The Janis microscope cryostat used to house the samples features a cylindrical

vacuum chamber and a copper sample stage in direct thermal contact with the

cryogenic cold stage. Samples were mounted onto the copper base using a thin layer

of vacuum grease to ensure good thermal contact while maintaining mechanical

stability at low temperatures. An integrated temperature sensor and a heater are

located beneath the sample platform, enabling precise temperature monitoring and

regulation. The cryostat is connected to a Lakeshore 311 temperature controller,

which provides closed-loop feedback control with fast response and high stability.

Prior to cooling, the system was evacuated overnight via a dedicated vacuum valve
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connected to the helium (He) return line, ensuring a high-vacuum environment

for thermal insulation and preventing condensation. Liquid He is introduced into

the system through a dedicated transfer arm, while a separate return line allows

He vapour to exit. Controlled He flow through the flow meter enables continuous

cooling, while the integrated thermal sensor and heater module enabled stable

temperature regulation from 5 K ± 1 K to RT (∼ 300 K), with minimal thermal

drift throughout the measurement range.

2.2.4 Detection System

The collected PL signal passes through the input slit of the spectrometer, where

it is subsequently dispersed by a diffraction grating to separate the different

wavelengths for detection.

Spectrometer Overview

The PL spectra were acquired using two different spectrometers tailored to dif-

ferent experimental needs: a Princeton Instruments HRS-300MS, coupled to the

Ti:Sipphare laser, and an Andor Shamrock 303i mainly used for mappings.

The Princeton Instruments SpectraPro HRS-300 spectrometer adopts a Cz-

erny–Turner optical design with a focal length of 300 mm. It covers a broad spectral

range from the UV to the near-IR, accommodating diverse experimental needs. The

system supports interchangeable diffraction gratings with groove densities ranging

from 50 to 3600 grooves/mm, enabling flexible tuning of spectral resolution. The

typical spectral resolution could reach below 0.10 nm with a standard entrance slit of

10 µm , though in practice it depends on both the slit width and the selected grating.

The spectrometer provides two exit ports that can be configured with different

detectors, such as a CCD array or an avalanche photodiode (APD), depending on

the measurement requirements. The spectrometer is controlled using Princeton

Instruments’ LightField software, allowing precise adjustment of grating position,

integration time, slit width, and other acquisition settings.
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The Andor Shamrock 303i spectrometer shares the Czerny–Turner configuration,

with a focal length of 303 mm. It also accommodates interchangeable gratings for a

range of spectral resolutions and is compatible with various Andor CCD detectors

for high-sensitivity detection across the visible to near-infrared range. System

control is managed via Andor Solis software, which offers full access to acquisition

parameters including exposure time and output slit selection. In this thesis, the

Shamrock 303i was primarily employed for PL mapping measurements, providing

stable performance and sufficient spectral resolution for spatially resolved studies.

Gratings

Diffraction gratings are key optical components in the spectrometer, responsible for

dispersing incident light into its constituent wavelengths. A grating typically consists

of a reflective surface patterned with a large number of closely spaced grooves. When

light encounters this periodic structure, it is diffracted according to the principle of

constructive interference, resulting in the angular separation of different wavelengths.

Referring to figure 2.4, the diffraction condition follows the equation [110]:

mλ = d(sin θi + sin θd) (2.1)

where m is the diffraction order, λ is the wavelength of light, d is the groove spacing

(inverse of groove density), θi is the incident angle, and θd is the diffraction angle.

The sign convention depends on the specific geometry of the system. By selecting

appropriate groove densities, the grating allows the spectrometer to resolve spectral

features over the desired wavelength range.

Among these, 0-order diffraction (m = 0) corresponds to the condition where the

diffracted angle equals the specular reflection angle and the grating behaves like a flat

mirror without dispersion occurring. In practice, the first-order diffraction (m = ±1)

is designed to carry the highest intensity due to optimized blaze angles that maximize

efficiency at specific wavelengths. Higher orders (m ≥ 2) generally suffer from lower

efficiency and increased overlap and can introduce spectral ambiguities. To suppress
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Figure 2.4: A diagram of diffraction by a plane grating.

the undesired reflection or overlap, gratings are often designed with anti-reflective

coatings and angular configurations that redirect and eliminate the specular beam.

The spectral resolution is determined by several factors, including the groove

density, the focal length of the spectrometer, the entrance slit width, and the detector

pixel size. In general, higher groove densities and narrower slits improve spectral

resolution, with a lower of signal intensity. Both spectrometers were equipped with

three switchable gratings mounted on the turret. The grating parameters used in

this work to match the peak profile of perovskite materials are as follows:

• 300 g/mm, blaze wavelength 500 nm

• 600 g/mm, blaze wavelength 750 nm

• 1200 g/mm, blaze wavelength 500 nm

All three gratings were loaded on the SpectraPro HRS-300 spectrometer, and the

first and the third grating was utilized on the Andor Shamrock 303i spectrometer.
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CCD

The spectroscopic measurements were recorded using two cooled CCD detectors.

The PyLoN 256E CCD (Princeton Instruments), used in the Ti:Sapphire setup, is

a liquid-nitrogen-cooled detector set to -80 ◦C to minimize dark noise. The full sensor

array consists of 1024×256 pixels with a pixel size of 26 µm×26 µm, although spectra

were read out in binned mode along the vertical direction, yielding a 1024×1 profile.

For the mapping experiments, an Andor Newton silicon CCD is integrated to

the Shamrock 303i spectrometer, which features thermoelectric cooling down to

−40 ◦C while operating. The sensor array consists of 1600 × 200 pixels with a pixel

size of 16 µm × 16 µm, and is also read out as a linear array.

Regarding the spectral resolution, a higher groove density increases the angular

dispersion, improving wavelength separation. Narrower entrance slits enhance

resolution by limiting the input beam width but reduce signal intensity. The

focal length affects the spatial scale of the spectrum on the detector, with longer

focal lengths providing finer spectral detail. Finally, the CCD pixel size sets the

fundamental limit on how the dispersed spectrum can be sampled. Taking all these

factors into account, they jointly determine the spectral resolution achievable

in measurement.

To estimate the CCD pixel resolution, which describes how the detected

wavelength varies with pixel position, we consider the linear dispersion of the

system, defined as D = dλ
dx

, which quantifies the rate of wavelength change across

the detector plane. Starting from the grating equation (Eq. 2.1) and assuming

a fixed incident angle, the wavelength variation is determined by the changes in

diffraction angle. Differentiating both sides with respect to the position x, and

using the relationship that x = fθd when θd is a small value, we obtain

D = d

m f
= 1

m n f

where n is the groove density of the grating, f is the focal length of the spectrometer

and m is the diffraction order. Since first-order diffraction (m=1) is typically
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used, this simplifies to

D = 1
nf

(2.2)

Thus, the pixel resolution can be expressed as ∆λpixel = D · (pixel size).

The estimated pixel resolutions for each grating and CCD are summarized in Ta-

ble 2.1:

Table 2.1: Estimated CCD pixel resolutions for each grating configuration.

Grating Groove Density (g/mm) PyLoN 256E Andor Newton
300 g/mm 300 0.289 nm/pixel 0.176 nm/pixel
600 g/mm 600 0.144 nm/pixel –
1200 g/mm 1200 0.072 nm/pixel 0.044 nm/pixel

In practice, the measured pixel resolutions for the 300 g/mm grating were

approximately 0.2765 nm/pixel for the PyLoN 256E CCD and 0.1685 nm/pixel for

the Andor Newton CCD. The slight deviations from the theoretical estimates likely

originate from approximations made in the derivation, such as the small-angle

assumption, as well as practical factors including the actual beam divergence, the

slit width and the optical alignment. Nevertheless, the close agreement between

estimated and experimental values confirms the high spectral resolving power

of the µPL system.

2.3 µPL Mapping

While the µPL setup used in this work enables excitation with a tightly focused

laser spot down to 1 µm, offering high spatial resolution, the system relies on

a manually operated sample stage for positioning. This stage, equipped with

micrometer screw-driven knobs, allows fine adjustments in the X and Y directions.

However, manual operation inevitably introduces limitations when working with

samples at the nanoscale. Not only can subtle hand movements affect the optical

alignment—often highly sensitive in µPL systems—but spatial inhomogeneity in

sample distribution may also lead to biased or unrepresentative PL spectra if data

are collected from only a few selected locations.
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To address these challenges and minimize user-induced bias, a program-controlled

2D mapping µPL system was employed. This automated setup enables spatially

resolved PL measurements over a defined area with certain step lengths. By scanning

across the sample in a controlled manner, it becomes possible to construct detailed

PL intensity and spectral maps, allowing for more objective and comprehensive

characterization of samples, especially the sample in this study where the distribution

of the materials strongly influences the strength of coupling and the localized

measurements are highly sensitive.

To enable high-resolution spatial mapping of PL, the Andor µPL system is

integrated with a piezoelectric xy scanning stage where the objective lenses are

mounted, controlled by a PI E727 digital piezo controller. This setup allows

for precise and repeatable movement across the sample surface with sub-micron

accuracy. The scanning process is automated through a custom LabVIEW-based

control program, enabling programmable scans over areas up to 100 µm×100 µm.

During scanning, the system records a full PL spectrum at each position. In this

thesis, the step size is typically set to 1 µm for most mappings, which matches the

optical excitation spot size to ensure spatially independent measurements. In cases

where finer resolution is required, 0.5 µm steps may be used. The exposure time per

pixel is generally set to 1 s, but this parameter can be adjusted depending on the

emission intensity of the sample to balance signal quality and total acquisition time.

After data collection, hyperspectral maps are analysed using a dedicated software

package developed by former group member Dr. Luke Nuttall. This program allows

post-processing operations such as spectral integration over selected wavelength

ranges, pixel-wise intensity mapping, and extraction of spectra from user-defined

spatial regions. Such a detailed analysis is critical for evaluating the spatial

uniformity of sample distribution. Importantly, it also avoids user-induced selection

bias associated with manual point measurements, ensuring that data analysis reflects

the true optical behaviour of the entire scanned region rather than isolated features.

In high-resolution optical measurements such as µPL mapping by a high NA

objective lens, the optical system exhibits diffraction-limited behaviour, resulting
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Figure 2.5: Simulated focal-plane intensity distribution under high-NA
focusing, based on scalar Debye approximation.

in a characteristic intensity distribution near the focal plane.

I(r) ∼ |J1(x)
x

|2, x = kr sin(θ)

where J1 is the first order Bessel function, θ is the convergence angle determined by

the objective’s NA value, k = 2π
λ

is the wave number. This intensity distribution

arises from circular aperture diffraction and follows the square of a first-order Bessel

function, resulting in a bright central peak surrounded by rings of diminishing

intensity, described by the scalar Debye approximation [110, 111]. One thing to

note is that for focal-plane intensity, any far-field approximation can no longer

be applied, but the structure of the square of J1, or of the Airy pattern, remains

valid for focal-plane intensity [112].

Figure 2.5 shows qualitatively how the intensity distribution follows a Bessel

function form, producing a bright central spot surrounded by less bright rings.

This diffraction structure is intrinsic to focused light in high-resolution optical

systems and is normally confined to a small area, which becomes negligible under
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a 1 µm scan step. However, it may contribute to apparent PL features in µPL

mapping, particularly when slight defocus occurs.

Figure 2.6: A 2D mapping where the sample surface is out of focus. The color
at each pixel presents the integral of the PL at this spot. This is a 50 µm by 50 µm scan
with a step of 1 µm in both axes. The sample used here was perovskite NWs.

In mapping experiments, the scan is executed automatically using the LabVIEW-

controlled piezo stage with fixed acquisition parameters: excitation power, step size,

exposure time, and focal setting. However, sample unevenness or surface roughness

may lead to subtle defocusing across the mapped region. Because the system uses a

fixed focal plane, parts of or even the whole scan area may not be perfectly in focus

due to non-ideal initialization, in which case some ring-like features often appear in

PL intensity maps, as demonstrated in figure 2.6. These features are not intrinsic to

the material but result from diffraction: The excitation beam’s outer rings can still

interact with the sample and generate PL, which is collected even if the spot is off

centre. Although the system is designed in a confocal configuration, minor defocusing

across the scanned area effectively breaks the confocal condition locally. As a result,

PL excited by the regions of the laser’s ‘Airy pattern’ that are normally rejected by

the pinhole may still be partially collected, giving rise to ring-like PL features in the
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final mapping data. Since µPL mapping scans the excitation beam while keeping

detection fixed, these diffraction-induced signals contribute to the final map.

Despite efforts to maintain optimal alignment, completely eliminating this effect

in practice is challenging, especially for hybrid structures like the ones used in this

study, where surface roughness or structural inhomogeneity can lead to unavoidable

local defocus. Nevertheless, as previously discussed, when the defocus remains

within a limited range, the contribution of diffraction-induced excitation outside the

spot centre is minimal and consistent. Provided that all measurements are acquired

under comparable conditions, especially focal setting and alignment, integrating

or averaging the PL signal over the entire mapped region effectively restricts such

local variations, making the data reliable. However, such ring artifacts highlight

the importance of uniform focusing and caution in spatial interpretation.

2.4 Time-Resolved µPL

TRPL is used to study how fast photo-excited carriers recombine in a material.

In this technique, the sample is excited by a pulsed laser, and the time it takes

for the emitted PL to decay is measured.

The most common method to do this is TCSPC. In TCSPC, the system records

the time delay between the laser pulse (as a trigger) and the arrival of a single

emitted photon. This process is repeated many times to build up a histogram of

photon arrival times. This histogram gives the PL decay curve, which reflects how

the excited states in the material relax over time. It is essential to keep the total

count rate at least a factor of 1000 below the repetition rate to ensure that the

probability of detecting 2 photons is negligible and to avoid any saturation of the

detectors. In our case, the intensity was adjusted to ensure that the maximum

count rate was below 5 × 104 counts per second.

By fitting this decay curve to exponential functions, carrier lifetimes can be

extracted, which gives direct information about recombination dynamics, such as

radiative vs. non-radiative processes or defect-related traps.
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2.4.1 TRPL Layout

Figure 2.7: Diagram showing the TRPL aqcuisition process. The sync signal
could be chased either by the pulsed electrical output from PicoQuant driver directly when
connected to TCSPC card, or by introducing a diode detector to record the Ti:Sapphare
laser pulses.

The process of acquiring TRPL data, as illustrated in Figure 2.7, can be

described as follows. Laser pulses generated at a selected repetition rate also

provide a synchronous signal to the TCSPC card, which is recorded as the trigger

(or start) for photon timing. On the other hand, the PL signal, instead of being

collected by the CCD, is redirected by a built-in mirror in the spectrometer to pass

through a narrow slit, allowing only a selected wavelength range (usually 1–3 nm)

to reach the detector (in this figure an APD). The electrical signal from the detector

is sent to the TCSPC card as the stop input. The card records the arrival/delay

times of individual photons into time bins, building a histogram that reflects the

PL decay curve, which is then displayed and analysed on the computer.

2.4.2 Data Acquisition

In the experiment, two TCSPC cards were available: a PicoQuant PicoHarp 300 box

with a minimum bin width of 4 ps, and another PicoQuant Timeharp card with 25 ps
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bin width. A Ti:Sapphire laser system was primarily used for TRPL measurements.

The repetition rate was typically set to 7.6 MHz, allowing a full decay cycle of 131 ns,

which is suitable for most PL lifetimes in perovskite materials with similar structures,

commonly ranging from a few to several tens of nanoseconds [46, 47, 113].

However, as discussed in the previous chapter, the introduction of metal

nanostructures is expected to shorten the PL lifetime. Therefore, to resolve the

rapid decay components associated with plasmonic effects, high temporal resolution

in the initial decay range is crucial. To achieve sufficient sensitivity for this time

window, the APD was primarily used and aligned in the TRPL setup.

Both the photomultiplier tube (PMT) and APD are available in this lab to

operate in single-photon counting mode in this setup, but their signal generation

mechanisms differ. The PMT produces a fast, high-gain electrical pulse through a

cascade of dynodes in vacuum, which amplifies the photoelectron signal with excellent

timing precision and low dark noise [110, 114]. In contrast, the APD generates

its signal via an internal avalanche multiplication process in a semiconductor

junction [114]. While APDs typically have higher photon detection efficiency

(especially in the visible range) and are more compact, they may show slightly higher

dark counts compared to high-end PMTs. In both cases, the output electrical pulses

are processed by the TCSPC card to register the precise arrival time of each photon.

2.4.3 Instrument Response Function

In TRPL measurements, the measured decay is always influenced by the instrument

response function (IRF), which reflects the combined timing characteristics of the

laser pulse width, detector response time and timing bias caused by the TCSPC

electronics. In addition, the optical path including mirrors, lenses, filters, and other

elements can introduce temporal dispersion and delay, which may further broaden

the IRF. To accurately fit and interpret the decay curves, the IRF contribution

must be properly accounted for and deconvoluted from the measured signal.

The IRF in the experiment was measured using the reflected signal from the

sample surface under excitation by the second harmonic of the Ti:Sapphire laser,
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Figure 2.8: Measured instrument response function of the APD. The IRF signal
was measured in experiments using the sample surface reflection of second harmonic laser
pulses. A Gaussian fitting was applied to the IRF, yielding a FWHM of 61.4 ± 1.1 ps.

at 800 nm. An example IRF trace with a Gaussian fit is shown in Figure 2.8. The

full width at half maximum (FWHM) of the fitted IRF peak is 61.4 ps, which

is comparable to the fast decay components observed in samples enhanced by

plasmonic nanostructures. In this context, proper treatment of the IRF during

fitting is essential to accurately extract the true decay dynamics, particularly in

the case discussed in Section 3.6, where lifetime is evaluated as one of the key

criteria for plasmonic enhancement.

2.5 Superfluid He Droplet Growth

2.5.1 Overview

In Chapter 3, Ag NPs were prepared not by conventional routes, such as solution-

based methods, gas-phase methods, template-based methods, etc [115–118], but

instead through a non-traditional synthesis approach based on superfluid He droplet

assisted deposition.

Unlike conventional synthesis approaches, this technique enables the growth
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of ligand-free NPs directly on solid substrates under cryogenic and ultra-clean

conditions [119]. The absence of surface contaminants makes it suitable for plasmonic

applications, especially where direct contact with the structure is required. Any

surface contamination or ligand residue could significantly influence the effective

gap and thus suppress the enhancement [93].

In addition, achieving precise control over reaction conditions in the traditional

method is challenging, leading to inconsistent particle sizes [120]. The size and

morphology of the resulting NPs using He droplet are more uniform and control-

lable [119], facilitating the design of well-defined plasmonic structures.

Furthermore, NPs may undergo aggregation during synthesis, leading to reduced

dispersion quality and diminished functional performance [121]. The superfluid

He droplet method also allows for soft-landing of the particles onto the sub-

strate [122], which further improves the spatial distribution and surface coverage

of the metal NPs.

These characteristics make the method especially advantageous for constructing

perovskite–plasmonic hybrid systems, where nanoscale precision, clean interfaces,

and strong local field enhancement are critical to device performance.

2.5.2 Sample Growth Using He Droplet

In this method, He droplets are formed by forcing precooled, high-pressure He

gas (typically 20 bar) through a narrow nozzle under supersonic expansion. Once

produced, these droplets enter a pickup region where they serve as ultra-cold

nanoreactors, capturing vapour-phase atoms or molecules on contact. The captured

species are immediately cooled and aggregate inside the droplet through stepwise

atomic addition, leading to NP formation.

The experimental setup used for Ag NP synthesis via He droplet deposition

is schematically shown in Figure 2.9. It primarily consists of a continuous He

droplet source, metal evaporation ovens, and a deposition chamber. In this setup,

high-purity He gas is first precooled using a closed-cycle cryo-compressor and then

undergoes supersonic expansion through a 5 mm nozzle into a high-vacuum chamber,
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Figure 2.9: Schematic illustration of Ag NP formation within superfluid He
droplets. (a) xyz manipulator. (b) nozzle. (c) skimmer. (d) pick up region including a
alumina oven with silver inside. (e) deposition station. This work was conducted by the
group of Prof. Shengfu Yang at the University of Leicester.

forming He droplets. The stagnation pressure is maintained around 15 bar, and the

nozzle temperature is stabilized near 7.5 K. The nozzle itself is mounted on an xyz

translation stage for fine positional control relative to the downstream skimmer.

As the droplets enter the pickup region, they encounter silver vapour emitted

from an alumina crucible heated in a resistive oven. The oven temperature is

carefully adjusted to tune the local Ag vapour pressure, which in turn controls

the average number of Ag atoms embedded in each droplet. These atoms are

sequentially captured and nucleate inside the droplets, forming Ag NPs. The

doped droplets then continue toward the substrate stage, where they undergo soft

landing. Upon contact, the He rapidly evaporates, leaving behind well-dispersed

Ag NPs directly deposited onto the surface.

An example AFM image of a nanostructured sample fabricated via the He

droplet technique is shown in Figure 2.10. Although this particular sample is

not based on Ag, it provides a representative demonstration of the NP deposition

behaviour enabled by this method.

The scan covers a 2 µm × 2 µm area, within which a dense population of

nanoscale bright features is clearly visible. These features correspond to individual

NPs, with their lateral dimensions roughly estimated to lie in the range of 5–12
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Figure 2.10: AFM image of a sample with He droplet synthesized CdS NPs
projected to a silicon substrate. The image was collected by the group of Prof.
Shengfu Yang at the University of Leicester.

nm. This size estimate is consistent with expectations from He droplet assisted

aggregation under controlled pickup and deposition conditions.

The brightness variation in the image remains relatively uniform, suggesting that

the particle height (and thus the volume) distribution is fairly narrow, even though

complete uniformity is not achieved. Importantly, the lateral distribution of NPs is

not perfectly homogeneous—clusters or local density fluctuations are observable

throughout the scanned region. This spatial inhomogeneity likely reflects variations

in He droplet flux or pickup statistics during deposition, and it can potentially affect

subsequent optical measurements (e.g., local field enhancement or PL uniformity).

Despite this, the overall morphology highlights several strengths of the He

droplet method: (1) the NP sizes are consistently controlled; (2) the deposition

is ligand-free and substrate-compatible; and (3) the “soft-landing” nature of the
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process avoids damage on impact, preserving the nanoscale integrity of the particles.

These factors make it well-suited for fabricating plasmonic or hybrid nanostructures

on delicate optical materials such as perovskites.
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3.1 Chapter Introduction

This chapter is structured to progressively establish and validate the plasmon-

enhanced PL in Ag–perovskite NW hybrid structures. Section 3.2 provides a

detailed analysis of the LSPR mechanisms relevant to Ag-enhanced NW emission,

alongside a review of previously reported enhancement effects. Guided by these

insights, and supported by simulations, an optimized hybrid nanostructure design

is proposed. Section 3.3 describes the synthesis procedures for the designed samples

and their structural characterizations. Section 3.5 presents an investigation of the PL

51
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properties of the hybrid structures, including the influence of Ag NPs, optimization

of design parameters, and the correlation between structural modifications and

emission performance. Finally, the chapter concludes with an analysis of the

plasmonic coupling mechanisms in these hybrids and a quantitative determination

of the PL intensity enhancement factors.

3.2 Ag Plasmonic Effects on Photonic Nanowires
Motivation

Among various strategies for achieving optical output enhancement, noble metal

nanostructures have attracted significant attention due to their unique function

producing electric fields localized to subwavelength distance scales, known as LSPR.

Their superior optical characteristics, low plasmonic damping losses, and high

tunability in nanostructure fabrication, makes it highly effective in boosting the

emission efficiency of semiconductors, QDs, and perovskites.

Photonic NWs have become essential components for nanoscale light manipula-

tion, enabling light generation, propagation, detection, and amplification [123–125].

Their high aspect ratio and ability to confine and guide light make them promising

for waveguides, photodetectors, and light-emitting devices, while synthesis control

allows tuning of optical and electronic properties [126]. In optically pumped

nanolasers, NWs can act as both gain medium and optical cavity, forming ultra-

compact coherent light sources [127], and their large surface-to-volume ratio enables

sensitive chemical and biological sensing [128, 129].

Among various NW materials, inorganic lead halide perovskites CsPbBr3 have

attracted increasing attention for their strong PL, narrow emission bandwidth,

high charge mobility, facile solution synthesis, and compositional tunability across

the visible spectrum [47, 50, 130, 131]. Their all-inorganic composition improves

stability compared to hybrid perovskites [1], and recent advances in synthesis have

enabled precise control over dimensions and morphology [46], marking them as an

emerging platform for next-generation nanophotonic and optoelectronic devices.
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A key challenge is optimizing optical performance, especially photon conversion

efficiency. Combining semiconductor NWs with noble metals can enhance light

emission through LSPRs, which confine electromagnetic fields and boost both

absorption and emission[132–134]. Silver (Ag), in particular, stands out among noble

metals owing to its high plasma frequency, sharp LSPR features, and comparatively

low optical losses in the visible range, as indicated by its small imaginary part

of the dielectric constant [135]. These characteristics enable stronger near-field

confinement and higher quality plasmonic resonances, which improve the spatial and

spectral overlap between the plasmonic mode and the perovskite emission, thereby

maximizing the Purcell enhancement and minimizing non-radiative damping.

Reported PL enhancement factors for such noble metal coupled emission systems

include 40-fold in Au/CdS core-shell NPs [136] and 23-fold in CdSe QDs [137].

An exitonic emission from trap-rich CdTe QDs was reported to be enhanced

by 1460-fold using Au nanocones [138]. Metal–semiconductor core-shell NWs

have also been predicted to provide high optical gain and potential for electrical

injection [139], making them promising for employing Ag NPs to achieve strong

enhancement by proper device design.

In this chapter, we investigate a hybrid CsPbBr3 NW device incorporating Ag

NPs and a dielectric spacer to enhance light-matter interactions via plasmonic

coupling. The four-layer structure is designed to increase photon absorption

while suppressing non-radiative losses. Ag NPs are fabricated using superfluid

He droplet deposition for precise size control. Low-temperature µPL and time-

resolved spectroscopy are used to characterize the optical performance. The results

demonstrate the potential of this architecture for quantum information processing

and integrated nanophotonic applications.

Competition Between Radiative Enhancement and Quenching

As indicated previously, the introduction of plasmonic Ag NPs brings local field

enhancement according to the following two mechanisms:
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• LDOS modified radiative recombination rate:

In the case of LSPR, the LDOS is increased by the surrounding plasmonic

environment, giving rise to the Purcell effect. An increased LDOS at the

emission wavelength enhances the radiative decay rate, thereby shortening the

PL lifetime if non-radiative rates remain similar, as more carriers preferentially

recombine through radiative channels. This effect is typically observed when

radiative processes dominate the recombination dynamics. However, if mode

coupling is inefficient, non-radiative processes may instead be enhanced. Such

LSPR-induced LDOS tuning in the sub-wavelength regime is highly sensitive

to the structural configuration and the quality of the plasmonic resonance.

• Excitation cross-section enhanced by the confined local field :

When the excitation wavelength is resonant with the LSPR of the Ag NPs,

the collective oscillation of electrons generates strongly enhanced and spatially

confined electromagnetic fields in their near-field region. NW located within

these “hot spots” experience a substantially increased local electric field

amplitude compared to the incident field, and consequently the effective

absorption cross-section is increased, leading to a higher excitation rate. This

enhancement is determined not only by the field strength but also by the

spatial overlap between the NW and the near-field distribution. This indicates

that not only the NP’s size, which tunes the LSPR, but also the spatial

configuration is crucial in generating enhancement.

Practically, in emitter–plasmonic NP hybrid systems, particularly when the

emitter–metal separation approaches the nanometre scale, the observed PL response

results from a delicate balance between radiative enhancement and multiple non-

radiative quenching channels. It is also massively affected by quenching due

to inefficient plasmon–photon coupling and energy dissipation, and the primary

quenching mechanisms relevant to our Ag–NW structures are outlined below.
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1. Nonlocal dielectric response : Plasmon resonances, rooted in classical

electrodynamics, arise from the collective oscillation of conduction electrons

in response to an external electromagnetic field. However, at separations

∼10 nm, the free-electron gas in metals exhibits spatially dispersive behaviour,

leading to a nonlocal dielectric response [93]. In this regime, the local-field

enhancement saturates, preventing the indefinite increase predicted by purely

classical models [140]. This intrinsic limitation reduces the coupling efficiency

in the immediate vicinity of the metal surface and can be further influenced

by factors such as dielectric spacer layers, surface roughness, particle faceting,

and imperfect layer conformity [93, 140].

2. Near-field non-radiative energy transfer : In the context of plas-

mon–emitter interactions, plasmonic coupling–induced energy transfer from an

excited dipole (e.g., molecule, QD, semiconductor exciton) to a nearby metallic

surface via near-field coupling occurs when the free-electron oscillations in the

metal, excited by the emitter, dissipate as heat or through other non-radiative

channels [141]. This process is known as surface energy transfer (SET). SET is

a general phenomenon observed across various geometries, from ideal infinite

metal planes to nanostructured metals. Nanometal surface energy transfer

(NSET), which specifically refers to energy transfer to metal NPs, has been

extensively investigated, showing a 1/d4 distance dependence [142]. This

mechanism successfully explains the quenching of emitter–metal NP systems

for NP sizes of a few nanometres and for emitter–NP separations effective

up to ∼20 nm [142–144]. In addition, a Förster resonance energy transfer

mechanism has been reported for larger NPs with better spectral overlap with

the LSPR, showing a characteristic 1/d6 distance dependence that is typically

effective over the 1–10 nm range [142]. It is also highlighted that LSPR plays

a significant role in the NSET process [142, 144]. While the energy loss as a

function of distance provides valuable insight for sensing applications, it also

imposes constraints on device design aimed at achieving strong coupling with

minimal energy dissipation.
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3. Surface assisted Landau damping : For Ag NPs smaller than the electron

mean free path, conduction electrons experience enhanced inelastic scattering

at the metal boundary, thereby increasing the intrinsic damping of LSPR.

The decay of LSPR can generate non-thermal high-energy electron–hole pairs

(hot carriers) in the metal, which rapidly thermalise through electron–electron

or electron–phonon interactions, dissipating energy as heat or injecting into

nearby materials, thus bypassing radiative emission from the emitter [145].

Moreover, under direct contact with Ag NPs, plasmon-induced hot electron

injection and charge transfer from mode overlap can occur, both of which

can be suppressed by introducing a spacer layer [146]. Furthermore, when

molecules or ligands are adsorbed on a metal surface, their molecular orbitals

may align with or approach the metal’s Fermi level. Upon plasmon decay,

hot electrons in the metal can be transferred or injected into these molecular

orbitals, thereby creating additional non-radiative decay channels [147]. A

clean synthesis of Ag NPs via He droplets, as discussed previously, would

effectively eliminate such losses. Previous studies have shown that both

plasmon-induced hot electron processes and resonant energy transfer, as

discussed above, can take place on a timescale of <100 fs in metal–perovskite

NC complexes [146], which is far shorter than the temporal resolution of our

measurement system and therefore cannot be directly resolved in the present

measurements.

4. Interface defect-assisted recombination : Imperfections or trap states

at the dielectric–semiconductor or dielectric–metal interfaces can serve as

non-radiative recombination centres [72, 148]. Under strong local fields, not

only is the radiative path enhanced due to LSPR, but carrier capture by

such traps may also be promoted owing to the increased LDOS [149], further

reducing the PLQY. In such scenarios, a combination of improved PL intensity

together with lifetime variations not solely attributable to the Purcell effect

alone, can be observed.
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Therefore, near-field conditions are critical for achieving plasmonic enhancement,

as the localized fields associated with LSPR decay rapidly with distance, typically

following a high-order power in the regime of tens of nanometres. Nevertheless,

the intrinsic plasmonic response of Ag NPs cannot be increased indefinitely due to

ohmic losses in the metal and the nonuniform distribution of surface charge density.

Moreover, direct contact between metal NPs and perovskite NWs, or separations of

only a few nanometres, can introduce additional damping channels, including non-

radiative energy transfer and hot-carrier injection. Consequently, incorporating an

appropriately designed dielectric spacer is essential to optimize LSPR coupling while

suppressing losses. It should also be noted that, when coupling surface plasmon

modes to NW emission, ultrafast energy dissipation and competing recombination

pathways are inevitable. Given that our aim is to promote efficient coupling between

LSPR modes and radiative recombination channels, the above considerations provide

guidelines about the relevant materials and structural parameters.

Expected NW/PMMA/Ag NP System with Simulation

Guided by the preceding discussion, we proposed a caesium lead halide perovskite

NW-based four-layer structure (CsPbBr3/PMMA/Ag/Si) as illustrated in Fig-

ure 3.1(a). Ag NPs, in the defined size and distribution, are the source used to

generate plasmonic effects. A thin dielectric poly(methyl methacrylate) (PMMA)

layer is deposited by spin-coating between the perovskites and Ag NPs to reduce

contact-induced losses and unfavourable energy dissipation whilst ensuring strong

coupling. Finite-element method simulations with COMSOL Multiphysics 6.2.

were conducted by Dr. Xavier Romain to illustrate the working principle using a

simplified 2D geometry depicted on the left in Figure 3.1(b). The CsPbBr3 NW is

modelled by a 10 nm × 10 nm infinitely long wire, while the plasmonic component is

designed with a 10 nm thin layer of silver. A 5 nm thin PMMA layer separates the

NW and the plasmonic layer and the whole structure is placed on a silicon substrate.

The three additional panels in Figure 3.1(b) present the spatial distributions of

the electric field components Ez and Ey, as well as the total field intensity |Etot|2,



3. Ag NPs–Enhanced PL in Perovskite Nanowires 58

Figure 3.1: Proposed Ag NP–perovskite NW hybrid nanostructure. (a) Artistic
view of the hybrid nanostructure. (b) Left: Simplified 2D model for the four-layer
structure. Right: Three panels showing the corresponding spatial distribution for Ez, Ey

and |Etot|2 for the hybridised plasmonic eigenmode at 520 nm. (c,d) Electric intensity
|Etot|2 along the vertical y-axis without and with the PMMA interlayer, respectively.
This simulation was conducted by Dr. Xavier Romain.

for the hybridized plasmonic eigenmode at around 523 nm. The Ez distribution

clearly shows a normal-field enhancement at the Ag surface due to surface charge

accumulation, while the Ey distribution indicates hybridization of the plasmonic

mode with the perovskite mode in the PMMA interlayer. As a result, |Etot|2 is

strongly confined within the PMMA region, mitigating non-radiative plasmonic

quenching that would otherwise reduce PL efficiency.

Figures 3.1(c) and (d) plot the |Etot|2 profile along the y-axis through the centre

of the structure. In Figure 3.1(c), without a PMMA interlayer, the field intensity

peaks are located at the Ag–perovskite interfaces and decay rapidly within the

perovskite region. The peak positions and widths are consistent with the highly

localized near-field coupling characteristic of LSPR modes [150], where the incident
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light induces a local dipole in the Ag NP and the enhanced field remains concentrated

at the contact interface. By contrast, Figure 3.1(d) shows that introducing a PMMA

interlayer shifts the main field peak toward the PMMA/perovskite interface, with the

peak amplitude slightly exceeding that of the case without PMMA. This indicates

that the PMMA layer effectively redistributes the near-field enhancement to better

overlap with the perovskite emission region, optimizing photon–plasmon coupling

while reducing non-radiative quenching channels.

In the LSPR regime, the induced dipole in the Ag NP creates strong normal (out-

of-plane) fields at the metal–dielectric interface due to surface charge accumulation

and the discontinuity of the normal field across high-contrast boundaries, whereas

the tangential field remains continuous and therefore weaker and more broadly

distributed. The PMMA spacer pushes the normal-field hotspot toward the

PMMA/perovskite interface and preserves near-field coupling at tens-of-nanometre

distances[93, 151], consistent with the observed profiles.

These simulations highlight the PMMA interlayer’s role in steering the LSPR-

enhanced field toward the perovskite emission region while suppressing non-radiative

loss at the metal interface. Guided by these insights, we next fabricated hybrid

NW structures with controlled layer configurations and examined their optical

response via µPL measurements.

3.3 Sample Fabrication

The sample was fabricated by our collaborator group at the University of Leicester

and this section is partially adapted from the supporting information of our

previously published article [152].

CsPbBr3 Perovskite Nanowires

The CsPbBr3 perovskite NWs were synthesized at Leicester University using a

colloidal solution-phase approach. In a typical procedure, 0.1 mmol of caesium

carbonate (Cs2CO3) and 0.3 mmol of lead bromide (PbBr2) were dissolved in a

solvent mixture consisting of 10 ml of 1-octadecene (ODE), 0.5 ml of oleylamine
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(OLA), and 0.5 ml of oleic acid (OA). The reaction solution was magnetically

stirred and maintained at 125 ◦C for 60 minutes to promote precursor dissolution

and NW nucleation.

After completion of the reaction, the crude mixture was centrifuged at 6000 rpm

for 5 minutes to remove unreacted species and excess organic ligands. The resulting

NCs were redispersed in 1.5 ml of hexane, forming a colloidal suspension that

contained both NWs and a small fraction of nanocubes.

To increase the NW purity, the dispersion underwent a purification step involving

centrifugation at 3000 rpm for 5 minutes, followed by redispersion of the sediment

in 5 ml of hexane. This purification cycle was repeated several times to obtain

a high-purity sample of CsPbBr3 NWs.

Characterization following purification, as shown in transmission electron mi-

croscopy (TEM) images (Figure 3.2(e–g)), revealed that the NWs had a uniform

diameter of approximately 30 nm and lengths reaching up to 7 µm, indicating

a high aspect ratio.

The optical properties of the CsPbBr3 NWs at RT were characterized by UV–vis

absorption and PL spectroscopy, as shown in Figure 3.3. The absorption spectrum

exhibits a gradual onset around 500 nm, indicating a sharp band edge without

significant sub-bandgap features. The PL spectrum shows a prominent emission peak

centred at 520 nm, with a FWHM of approximately 18 nm, indicating a fairly narrow

size distribution and high optical quality of the NWs. The small Stokes shift between

absorption and emission suggests typical near-band-edge emission behaviour.

These characteristics make the NWs suitable for coupling with plasmonic NPs,

such as Ag, whose LSPRs can spectrally overlap with the emission band of the

NWs. Under such spectral alignment, enhanced light–matter interaction is expected

through near-field effects, motivating the integration of Ag NPs with the NW system.

Ag nanoparticles

The technique for the synthesis of Ag NPs, the He droplet method, has been

described in Section 2.5.2. Under a stagnation pressure of 15 bar at the nozzle and
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Figure 3.2: TEM images of CsPbBr3 NWs with different reaction time and
different centrifugation time. (a–d) TEM images of NW with reaction time of (a)
15 min; (b) 30 min; (c) 45 min; (d) 60 min. (e–g) TEM images of NWs with different
centrifugation times. The TEM images presented here were collected by the group of
Prof. Shengfu Yang at the University of Leicester.

a temperature of approximately 7.5 K, the resulting Ag NPs exhibit an average

diameter of about 7 nm. Figure 3.4(a) presents a TEM image of the Ag NPs

directly deposited onto the TEM grid, while Figure 3.4(b) shows the corresponding

size distribution of the particles across a defined area. Figure 3.4(c) displays the

Ultraviolet–visible (UV–Vis) absorption spectrum measured from Ag NPs with an

average size ∼ 7 µm, deposited on Si substrates. The spectral profile centred at

around 410 nm is consistent with previous theoretical and experimental studies [82,
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Figure 3.3: RT absorption and PL of CsPbBr3 Nanowires. The PL was measured
from a drop-cast thin film, whereas the absorption spectrum was acquired in solution at
a relatively high concentration.

153]. Although the main UV–Vis absorption peak does not coincide exactly with

the emission centre of CsPbBr3 NWs (typically around 520 nm), plasmonic coupling

can still occur due to the spectral overlap between the NW emission and the

Ag NP absorption band.

Moreover, it is well established that the plasmonic resonance of Ag NPs undergoes

a red shift upon introduction of a dielectric environment [82], which is the case in the

hybrid structure designed in this chapter. This red shift moves the resonance peak

closer to the NW emission, thereby enhancing the spectral overlap and potentially

boosting the plasmonic enhancement effect.

For comparison, a separate batch of Ag NPs synthesized via a conventional

wet chemical method was characterized using the same procedures. Figure 3.5(a)

shows a TEM image of Ag NPs obtained by dropcasting the solution onto a

TEM grid. Targeting a similar particle size, this method yielded Ag NPs with an

average diameter of approximately 8 nm as indicated in Figure 3.5(b). However,

when comparing the size distributions from both synthesis approaches, a broader

Gaussian fit was observed for the sample prepared using the He droplet technique.
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Figure 3.4: Characterization of He droplet synthesized Ag NPs. (a) TEM image
of the Ag NPs dropcasted on the TEM grid. (b) The size distribution of the Ag NPs
on Si substrate. The red curve refers to a normal distribution fitted to the histogram
and shows an average of 6.97 nm. (c) UV–Vis absorption spectrum of the Ag NPs on Si
substrate. The data presented in this figure were collected by Hao Sha from the group of
Prof. Shengfu Yang at the University of Leicester.

Figure 3.5: Characterization of wet chemically synthesized Ag NPs. (a) TEM
image of the Ag NPs deposited on the TEM grid. (b) The size distribution of the Ag NPs
on Si substrate. The red curve refers to a normal distribution fitted to the histogram and
shows an average of 7.95 nm. The data presented in this figure were collected by Hao Sha
from the group of Prof. Shengfu Yang at the University of Leicester.
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This broader distribution is probably due to the relatively new and less mature

status of the He droplet synthesis apparatus compared to the well-established

chemical methods. As a result, the particle size distribution in practice is not

as tightly controlled as initially anticipated. Nevertheless, precise tuning of the

average particle size remains achievable, as the technique allows for systematic

control through adjustment of experimental parameters. This flexibility proves

advantageous for our experimental design, particularly in producing Ag NPs with

a target mean diameter. Therefore, despite the current limitations, Ag NPs

synthesized via the He droplet technique were still chosen as the preferred material

for the subsequent experiments.

Hybrid Structure

As discussed in Section 3.2, the dielectric layer plays a critical role in facilitating

plasmonic enhancement, where precise control over its thickness is essential. In

this experiment, PMMA was employed as the dielectric/buffer layer.

To prepare the PMMA solution, 50 mg of PMMA powder was dissolved in

10 ml of toluene and heated at 60 ◦C for 30 minutes. The solution can be further

diluted to obtain PMMA solutions of varying concentrations. These solutions

were subsequently spin-coated onto the substrate to form PMMA thin films with

different thicknesses, as illustrated in Figure 3.6.

There are abundant options for dielectric layers, while PMMA features easily

tunable thickness, high transparency and stable properties. The thickness of PMMA

films can be reliably tuned by adjusting the concentration of the solution and

spin-coating parameters such as speed and duration [154], as indicated in Figure 3.6.

PMMA is highly transparent across the UV–Vis range, which ensures minimal

optical interference with the plasmonic response of the Ag NPs. Also, PMMA is

chemically stable, non-reactive with metallic NPs and resistant to environmental

degradation under ambient conditions. This chemical inertness ensures that the

dielectric layer does not introduce unwanted chemical interactions or artifacts

during optical measurements [155].
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Figure 3.6: AFM measurements of PMMA layer thickness obtained from
solutions with different concentrations. Different PMMA solutions were spin-coated
onto silicon substrates, with scratches introduced to enable thickness determination. The
data presented in this figure were collected by Hao Sha from the group of Prof. Shengfu
Yang at the University of Leicester.

In the standard procedure for the hybrid sample preparation, Ag NPs are first

deposited directly onto the Si substrate using the He droplet technique. Following

this, a PMMA layer is spin-coated onto the substrate to achieve the required film

thickness based on the specific experimental design.

Finally, a diluted CsPbBr3 NW solution is spin-coated onto the top layer, using

20 µL per sample at 3000 rpm for 1 minute. After spin-coating, the samples are left

to dry and then stored under appropriate vacuum conditions to ensure measurements

are performed while the samples remain fresh. This step is critical to prevent PL

peak shifts caused by the intrinsic instability of perovskite materials, which are

known to degrade easily under ambient conditions [156, 157].
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3.4 Setup

In this chapter, the Ti:Sapphire system with an emission wavelength of 400 nm and

a tuneable repetition rate was employed for all the µPL data except for the ones

achieved in mappings. An APD detector with TCSPC cards featuring 4 ps per bin

or 25 ps per was connected to the Princeton spectrometer for TRPL measurements.

Liquid He was connected to the cryostat for cryogenic measurements.

3.5 µPL Characterization and Device Design

3.5.1 µPL Investigation of Nanowires

To investigate the plasmonic enhancement effect of Ag NPs on the PL of perovskite

NWs, it is essential first to determine the intrinsic emission mechanism of the NWs

themselves. As discussed in previous sections, the PL emission of perovskites can

originate from either excitonic recombination or free carrier recombination. When

the structural dimensionality of the material is reduced from bulk to 2D films, 1D

NWs, or even 0D QDs, quantum confinement effects become more pronounced.

This increased confinement leads to an enhancement in exciton binding energy,

which in turn promotes the formation and stability of excitons as the dominant

photoexcited species [158].

Previous studies have confirmed that in low-dimensional perovskite structures,

including NWs, PL emission is predominantly governed by excitonic recombination

due to strong quantum confinement and enhanced exciton binding energies [159–161].

Specifically, µPL observation on single colloidal mixed-halide CsPbX3 NCs at low

temperatures reveals sharp emission peaks and excitonic fine structure, illustrating

clearly the signatures of strong exciton confinement in 0D perovskites [159]. Strong

exciton–photon coupling has been observed in perovskite NWs, with Rabi splitting

reaching up to ∼560 meV near the exciton resonance, indicating exciton-dominated

behaviour [160]. Additionally, time-resolved and power-dependent PL measurements

in low-dimensional perovskite films revealed carrier dynamics consistent with

excitonic recombination, supporting the conclusion that excitons dominate the
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radiative process under typical excitation conditions [161]. Furthermore, perovskite

materials typically exhibit exciton binding energies exceeding thermal energy at

RT, promoting excitonic behaviour even without cooling [53].

Enhanced quantum confinement and increased exciton binding energy, which

favour the formation of stable bound electron–hole pairs even at RT. However,

since the emission mechanism can still be influenced by specific factors such as size,

temperature, excitation density, and defect density, it is necessary to experimentally

verify the excitonic nature in our samples under relevant conditions. To this end, we

undertook µPL measurements on NW/Si structures at both RT and 4 K to examine

their intrinsic emission behaviour before introducing any plasmonic components.

Measurements on Nanowires

To investigate the intrinsic PL emission mechanism of CsPbBr3 NWs, a power-

dependent µPL on bare NW samples was performed. The samples were prepared

by spin-coating NWs onto a. PMMA-coated Si substrate and b. bare Si substrate

with proper cleaning. In our configuration, PMMA serves mainly as a spacer.

Excitation was provided by the Ti:Sapphire pulsed laser with a repetition rate of

76 MHz, focused to a beam diameter of 1 µm, with the excitation power varied

from several µW to 1 mW.

Measurements were mainly conducted at ∼4 K to suppress thermal effects, reduce

phonon scattering, and enhance the resolution of possible spectral substructures.

At 4 K, the PL spectra of CsPbBr3 NWs exhibit distinct differences depending

on the underlying substrate, as indicated in Figure 3.7. For NWs deposited on a

PMMA-coated Si surface, two relatively well-resolved peaks can be discerned: a

dominant peak at 529.5 nm and a weaker shoulder-like feature around 532.5 nm. In

contrast, NWs directly deposited onto bare Si surface exhibit a single broad emission

peak centred at ∼530 nm, with a characteristically asymmetric sharp increase on

the blue side and gradually sloping on the red side. The low excitation power

data of NW/Si was excluded from the plot due to relatively low peak intensity

and thus low signal-to-noise ratio.
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Figure 3.7: Power dependence of PL spectra of CsPbBr3 NWs at 4 K under
pulsed excitation (400 nm), comparing two sample configurations (a) NWs
spin-coated directly on bare Si. (b) NWs spin-coated on a PMMA-covered Si substrate.
In the NWs/PMMA/Si sample, two emission features are partially resolved, with a main
peak at ∼529 nm and a weaker shoulder at ∼532 nm. The NWs/Si sample exhibits a
single broader and asymmetric peak, suggesting a superposition of the same emission
components without spectral resolution.
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Such asymmetric shapes are commonly observed and do not necessarily imply

the presence of complex or multiple emission mechanisms directly. Rather, this

slightly trapezoidal profile may be attributed to spectral inhomogeneity arising

from NW size and orientation distributions, asymmetric local density of states,

or even to residual unresolved fine structure.

Distributional, compositional or lattice inhomogeneity: NWs were not

uniformly distributed in terms of size, shape, or spatial positioning. Even with

spin-coating, aggregation or clustering of NWs with varying dimensions may occur,

resulting in local optical inhomogeneities. Moreover, both the PMMA layer and the

NWs were processed using toluene as the solvent; consequently, spin-coating the

NWs onto PMMA can partially redissolve the PMMA layer, promoting excessive

NW clustering. At cryogenic temperatures, the PL linewidth narrows primarily

due to the suppression of phonon-assisted broadening, which enhances spectral

resolution and may reveal deviations from an ideal Gaussian lineshape. In such

cases, the distribution of NWs itself results in slight peak asymmetry, broadening,

or the appearance of side shoulders. While the PL spectra analysed here were

selected from regions with relatively narrow and representative peaks, rather than

rare spots, they may still be affected by such morphological variations. Therefore,

although the data reflect typical spectral behaviours of the sample, the influence

of spatial and structural inhomogeneity cannot be entirely ruled out.

Even in uniform CsPbBr3 NWs, small spatial variations in halide composition

or lattice strain can lead to slight local bandgap shifts [162]. These appear as low-

energy shoulders or broadened tails adjacent to the main exciton peak, especially

when the secondary domains are weak or not well resolved.

In the sample with a PMMA layer, the resolution at low temperature was

relatively better to make this effect visible as a subtle second peak at 532 nm, clearer

at stronger excitations; in the sample without the PMMA, the same feature appears

merged with the main peak, manifesting as an extended red tail.

Asymmetric density of states: In low-dimensional perovskite structures,

confined excitons often exhibit an asymmetric DOS due to localization introduced
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by spatial localization induced by lattice strain and structural imperfections,

especially for solution-process-based perovskite materials [163]. Interactions between

excitons and low-energy lattice vibrations can produce sidebands or red-shifted tails,

especially at cryogenic temperatures. As a result, the PL emission line under 4 K

may present a sharp high-energy cutoff with an exponential low-energy tail even for

pure excitonic recombination due to the exciton localization, where low-temperature

conditions suppress thermal hopping between localized states. [164, 165].

Figure 3.8: RT PL of CsPbBr3 NWs. The samples were the same as in Figure 3.7.
The peak centre were at 520 nm for both samples, with the fitted FWHM of ∼19 nm for
the sample without PMMA and 20 nm for the one with PMMA, indicating a similar peak
profile that is barely influenced by the PMMA layer at RT.

However, thermal activation of phonons at RT allows excitons to escape from

shallow traps, enhancing spatial averaging and producing a more symmetric and

homogeneously broadened spectrum [163, 166]. As in Figure 3.8, the PL spectra

featured a broader and more Gaussian-like shape at RT for the same samples. This

temperature-dependent phenomenon of the peak shape further supports a scenario

where exciton recombination, modulated by localized phonon-assisted transport,

is contributing to the radiative process in these NWs.
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Residual fine structure: While these minor features such as low-energy

shoulders or asymmetric tails may partially originate from compositional or mor-

phological inhomogeneities within the NW ensemble, they are also consistent with

the presence of unresolved excitonic fine structure. In strongly confined perovskite

nanostructures, quantum confinement enhances excitonic fine-structure splitting,

and at cryogenic temperatures excitons preferentially occupy the dark ground state,

making its weak emission and associated dynamics experimentally relevant. Previous

studies have reported that bright–dark exciton splitting arises typically on the order

of a few meV in perovskite nanostructures [167, 168]. Additional splitting can result

from shape anisotropy or dielectric confinement effects in NWs [169]. Although

the spectral resolution in our measurements does not resolve these components

individually, their combined contribution may manifest as a broadened low-energy

tail or shoulder near the main peak, particularly at cryogenic temperatures where

homogeneous broadening is suppressed [169].

In fact, slight spectral asymmetry of this kind is widely regarded as a natural

signature of excitonic PL in many perovskite nanostructures, particularly those

synthesized via solution-phase methods [170]. While the presence or absence of

PMMA alters the appearance of secondary features, the fundamental nature of the

emission remains unchanged. These variations in line shape likely reflect minor

structural inhomogeneities and confinement-related optical effects rather than a

change in recombination mechanism.

Discussion on PL mechanisms

Although the PL emission spectra at RT feature a symmetric, Gaussian-like

profile, indicating classic free exciton behaviour for low-dimensional NCs, a detailed

discussion of the dominant recombination process is still significant for understanding

the optical properties.

As previously reviewed, excitonic recombination typically governs the PL

response in NW structures. In our measurements, no distinct sub-bandgap emission,

secondary red-shifted peaks, or power-dependent spectral changes were observed.

If the emission were primarily trap-assisted, given the limited density of trap
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states, spectral broadening or peak shifting due to power-dependent trap filling

effects would be expected [171]. Intuitively, the absence of such features suggests

that trap states do not dominate cryogenic PL emission [172–174]. This further

evidences the quality of the NW samples.

The stability of the PL peak position across a wide range of excitation powers,

combined with the absence of high-energy blue-shifts, further supports the inter-

pretation that the emission possibly arises from neutral excitonic recombination

rather than free carrier with band-filling effects [175, 176].

However, the high aspect ratio of NW structures could enable further surface

defects, leading to a substantial increase in trap state density. In such a scenario, the

density of trap sites may be so high that photo-generated excitons are insufficient

to saturate them, even under strong excitation conditions. To further evaluate the

dynamics in the emission process, we adopt an alternative perspective by analysing

the power-dependent PL intensity through a power-law relationship, which offers

a more quantitative assessment [177, 178].

It is known that the emission intensity and the excitation power follows the rela-

tion [177]

I ∝ P α

where I is the emission intensity and P is the power of the laser. α provides insight

into the nature of the radiative recombination mechanism. α = 1 indicates an

ideal free exciton-generated PL, while α < 1 often suggests either free-to-bound or

donor–acceptor pair recombination [179], and in the context of perovskites, trap

state [178] and localized exciton recombination [67, 180].

Here, a log–log plot is introduced to directly extract the α value. Figure 3.9

presents the integrated PL signal over the range 528–533 nm, covering the full

emission peak without including spectral background. The resulting log–log plot

of integrated PL intensity versus excitation power reveals a clear sublinear trend,

well fitted by a power law I ∝ P α with α = 0.79.
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Figure 3.9: Log–log plot of integrated PL intensity as a function of excitation
power at 4 K, from the NWs/PMMA/Si structure. The near-linear dependence
(slope = 0.79, R2 = 0.996) indicates localized-excitonic recombination dominates the
emission process, with minimal contribution from free-carrier processes.

In experiments, typical free exciton-dominated emission normally features α

between 1 and 2 [178, 181], while our power-dependent NW PL has a lower α. The

observations, on the other hand, resemble the scenario reported by Keisei Shibata

et al., where a lower-energy emission band appearing below the free exciton peak at

4 K exhibits a sublinear dependent (α = 0.74) and no apparent spectral shift, which

was attributed to localized exciton emission in the perovskite single crystal [67].

Another work on MoSe2/CrSBr also presents the same interpretation for a even

lower α value [180]. In our case, the low-temperature PL spectrum of the NW

sample shows a comparable α = 0.79 and a narrow peak spectrally invariant across

a wide range of excitation powers, supporting the assignment to shallowly localized

excitons rather than free excitons, where the latter case is likely to experience a

high excitation density-induced blue-shift [182, 183].

Exciton localization in CsPbBr3 NWs can arise from multiple general mechanisms.

Point defects such as halide vacancies intrinsically introduce shallow trap states near

the band edges, capturing excitons and causing localized low-energy emission [184];
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the high surface-to-volume ratio of NWs magnifies the effect of surface states, where

excitons reaching the surface can be trapped, altering recombination pathways and

reducing radiative efficiency [184, 185]. Structural strain induces local band-edge

fluctuations that form confinement potentials for excitons, well documented in low-

dimensional materials [186]. Fluctuations in quantum confinement resulting from

diameter inhomogeneity or compositional variation along the NWs create regions of

enhanced exciton confinement that can trap carriers preferentially [187, 188].

Moreover, exciton–phonon coupling provides an intrinsic localization mechanism.

In CsPbBr3, strong Fröhlich coupling with LO phonons can distort the local lattice

and trap excitons into STE states, particularly at low temperatures where thermal

activation is insufficient to delocalize them [67]. These states typically emit red-

shifted compared to free excitons and can dominate PL at cryogenic temperatures.

STE emission is stable even under 4 K, with a much longer lifetime proved than

free exciton decays [189].

Together, these mechanisms of defect traps, surface-state traps, strain-induced

potentials, quantum confinement fluctuations, and LO phonon-mediated exci-

ton self-trapping create complex, multi-pathway exciton localization in CsPbBr3

NWs under 4 K.

From an exciton DOS perspective, localized excitons occupy spatially confined

states, whereas free excitons occupy a broader, continuous DOS (see Figure 3.10). At

4 K, when the localization effect becomes significant, the excitons are predominantly

captured by states located slightly below the continuum edge. These localized

states are abundant in perovskite materials and play a key role in sustaining bright

emission [190]. A portion of them recombined, generating PL without apparent

peak shifting, compared to free exciton recombination. However, non-radiative

pathways including traps suppressed their contribution to the PL signal, where

abundant traps and localized states exist in the NW structure. As a result, even

under a strong incident laser, the PL remains sublinear without a clear transition

to free exciton-dominated emission.
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Figure 3.10: Diagram showing DOS versus energy in this model. Excitons can
be excited to the free exciton state (purple area), or localized in the discrete localized
states (black bars in green area). Different pathways including radiative recombination
are indicated. As illustrated in this diagram, spatial and energetic disorder leads to
a distribution of localized exciton states, resulting in inhomogeneous broadening and
variations in the PL peak position across the sample. This figure is adapted from Ref. [191]
with modifications and used with permission.

The PL characteristics shifted toward those expected for free exciton emission

as temperature increased, accompanied by line broadening and the appearance of a

symmetric peak profile. This behaviour can be interpreted as thermally activated de-

trapping of localized excitons into higher-energy free exciton states. A delocalizing

energy for excitons of 13 meV was reported for 2D perovskite nanosheets [192].

In our NWs, an experimental α = 1.71 (R2 = 0.998) was obtained from power-

dependent measurements (within the tens of µW range) on the same sample at

RT, indicating excitonic recombination and other possible channels such as free

carriers, further supporting the assumption above.

The RT environment provides sufficient thermal energy for localized excitons to

escape from the potential wells of their localized states, as illustrated in Figure 3.10

c. The phonon energy at RT becomes comparable to the exciton de-localization

potential and contributes to the formation of a free exciton ensemble, thereby

modifying both the population dynamics and the resulting PL response [180].
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Also, as shown in Figure 3.10, localized excitons generally occupy states near the

bandgap. Previous work has investigated the DOS of localized excitons, reporting a

temperature-induced broadening from a narrow, near-band-edge DOS at cryogenic

temperatures to a broadened distribution at RT [193]. However, the reason for the

broadened PL emission is consistently investigated and attributed to the interaction

with phonons [67, 163, 166]. Although studies show that the energy splitting

between localized excitons and free excitons expanded as temperature increased

from 4 K to 300 K, with the peak shifting in the opposite direction observed near

RT [67], it is often difficult to distinguish between the two peaks solely based

on spectral position and profile because of the close energy states and possible

exciton transfers [180], which further substantiates the earlier assumption regarding

how PL shifts from 4 K to RT. It highlights that, compared to the continuous

PL–temperature dependence, the power dependence of PL intensity provides a more

reliable indicator for analysing the underlying emission mechanism.

In practice, transmission and coupling losses in the optical setup reduce the

actual power reaching the sample surface to less than 50% of the nominal laser

output, and the spatial distribution of NWs further weakens the absorption of

excitation energies. Incorporating this loss factor into the carrier density estimate

and the parameters from the laser setup, the effective peak carrier density per

pulse is calculated to the order of 1018 ∼ 1019 cm−3 in the power range. Despite

this high instant carrier density which is comparable to or above the reported

Mott threshold for perovskites [194, 195], no clear signs of exciton unbinding were

observed, given the linear dependence in the log–log plot lacking the trend of α

towards 2, which is typical for free carrier recombination. However, the minor

bending at the strong-excitation end may refer to exciton–exciton annihilation.

These strongly support the conclusion that recombination remains localized-exciton-

dominated, and any high-density effects did not drive a transition of the mechanism

in this excitation power regime.

Though clear enough for interpreting exciton behaviours, power-dependent PL

alone is insufficient to unambiguously distinguish trap-state involvement, particularly
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when the trap density is high or when the excitation area is inhomogeneous.

Trap-dominated emission also exhibits sublinear power dependence and even a

constant spectral profile when states are not fully saturated under experimental

conditions. To further clarify the recombination mechanism and distinguish

between normal trap-mediated and excitonic emission pathways, we next turned

to TRPL measurements, which provide insight into carrier lifetimes and non-

radiative recombination dynamics.

Figure 3.11: TRPL of NWs under 4 K. Different time regions highlighted in the
figure referring to different dynamics. Yellow: localized excitons. Blue: traps. The
lifetime for the single exponential region was fitted to 59.8 ps with IRF deconvoluted.

Figure 3.11 presents the TRPL data of measured at 4 K, together with the

IRF for reference. The decay signal exhibits a clear biexponential shape, which

can be segmented into two distinct time regimes based on the visible transition

on the log–plot.

The initial fast-decay component (shaded in yellow) at 4 K, following a nearly-

parallel increase along the triggering laser pulse, is attributed to the radiative

recombination of localized excitons, consistent with the near-band-edge PL peak

and its narrow linewidth. The lifetime was fitted as 59.8 ps, which is in agreement

with previous reported lifetimes of low-dimensional perovskite NCs on the order

of ∼ 10–100 ps [45]. Given the low temperature and prompt decay, the relatively



3. Ag NPs–Enhanced PL in Perovskite Nanowires 78

sharp and monoexponential decay in this region is consistent with excitons trapped

in shallow potential wells, for which the decay lifetime is reported to increase as

the degree of localization weakens [45]. As stated previously, STE emission features

significantly longer lifetime on the order of ∼ 100 ns at cryogenic temperatures,

which contradicts our observation on the NWs. To clarify, unless otherwise specified,

the following discussion on localized excitons refers to those induced by shallow

traps or confinement potentials.

In contrast, the later-time region (shaded in blue) displays a much slower

and long-lived decay tail, which deviates from a simple monoexponential form.

This long tail is likely associated with trap-assisted emission, where carriers are

temporarily captured by deep trap states and subsequently recombine over extended

time scales. This term, by proper fitting with IRF deconvoluted, was found to be

896 ps, dramatically longer than that of excitonic decay. The transition from the

fast decay to the slower tail indicates the coexistence of different recombination

pathways at cryogenic temperatures.

To further confirm the small lifetimes, the IRF is also shown in Figure 3.11,

clearly demonstrating that both the temporal resolution of the system and the fitting

results reliably reflect the intrinsic carrier dynamics, rather than being dominated

by the detection system. In the trigger arrival region (shaded in white), the TRPL

signal closely follows the rising edge of the IRF, indicating that the recorded photons

originate from the excitation event and are not affected by spurious background

signals. In the subsequent decay region, the TRPL signal exhibits a significantly

slower decline in counts compared to the IRF, confirming that the time resolution

of the TCSPC setup is sufficient to resolve the PL dynamics. If the PL decay

curve were to exhibit a similar decay slope to the IRF, it would imply that the

measured dynamics fall below the resolution limit of the setup, making it unreliable

to extract meaningful insights into the emission mechanism.

To evaluate the contributions from localized excitons and the traps, we calculate

the contribution of PL from different decay components. Given the biexponential
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decay fitting form

I(t) = A1e
− t

τ1 + A2e
− t

τ2

where Ai is the amplitude of each component. The photon contribution from

recombination process i at an arbitrary time t can be expressed as Aie
−t/τi .

The total emission intensity is the integral of I(t) over the full time range:

I =
∫ +∞

0
I(t) = A1τ1 + A2τ2

According to van Driel et al., the excited-state density is obtained by time-

integrating the emission curve, and different decay components must be weighted by

their respective radiative decay rates [196]. Therefore, when comparing contributions

from biexponential TRPL fits, Aiτi refers to the total photon output of the

corresponding decay, while 1/τi serves as a coefficient related to the instantaneous

radiative state density. Depending on the aspect of interest, a careful selection of

the comparison approach is a must. In our context, we are primarily interested in

the overall PL performance and the potential enhancement induced by Ag NPs,

and therefore the weight of each recombination component should be evaluated

by the term Aiτi.

Our fitting yielded amplitudes of A1 = 13.14 for the fast mono-exponential

decay and A2 = 0.184 for the long tail. Additionally, the fitting results from

EasyTau directly provided the integrated intensities (i.e., total photon counts

attributed to each component), showing consistent values of I1 = 196.2 kCounts

and I2 = 41.1 kCounts, indicating that the contribution from localized excitons

was approximately 4.8 times of that from the trap-assisted emission component.

These results demonstrate that the PL emission of the NW sample is primarily

dominated by localized exciton recombination, accompanied by a non-negligible

trap-assisted process.

The lifetime for the main radiative channel varies. The fast decay component

observed in our TRPL measurements is attributed to localized excitons, while

in fact it is a combined process involving both rapid trap capture and exciton
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recombination [197, 198]. The recombination rate Γ1 = 1/τ1 can therefore be

expressed as a sum of two parallel channels:

Γ1 = Γrad + Γcap = 1
τrad

+ 1
τcap

,

where the second term represents the non-radiative trap-capture process. Due

to the high density of trap states in CsPbBr3 NWs, this effect contributes to a

further reduction in the measured lifetime. In such cases, gradual trap filling

or the elimination of capture channels may, in contrast, result in a lengthened

lifetime for the initial decay range.

Moreover, while the intrinsic radiative rate of excitons is typically constrained

by momentum conservation, spatial localization alters the exciton momentum

distribution and thus modifies the probability of radiative recombination. Depending

on the localization strength, this effect can either enhance or suppress the radiative

transition rate [199]. Previous studies have predicted that shallow localization

may increase lifetime under certain spatial regimes, while in practice, significantly

prolonged lifetimes have been observed for strongly localized states [199, 200].

These factors suggest that in our system, any variation in lifetime must be

interpreted with care, particularly under plasmonic coupling, as changes may result

not only from modifications in the radiative channel, but also from altered trap

capture dynamics and exciton localization behaviours.

Overall, the combined analysis reveals dual contributions from localized exciton

and trap-assisted emission processes, which dominate different time regimes in the

TRPL profile. However, the localized exciton recombination pathways are primarily

associated with defects, shallow traps, and confinement potentials. Therefore,

although trap-assisted emission is not the dominant radiative pathway, the presence

of significant defect- and surface-related contributions can be inferred in this sample.

This conclusion provides an important reference for the subsequent discussion on

the mechanism of plasmonic enhancement.

Since localized exciton radiative recombination has been identified as the

dominant mechanism, and considering the fast decay dynamics of the NWs as
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well as the resolution of our TCSPC system, we focus our analysis on the early-

stage decay within the first few nanoseconds. Moreover, our primary objective is

to investigate the overall PL enhancement induced by plasmonic Ag NPs, which

reflects an integrated outcome of multiple recombination processes. Therefore,

instead of applying a biexponential fit to deconvolute individual decay components,

we consistently employ a monoexponential fitting approach within the dominant

decay window to extract representative lifetimes for comparison.

Moreover, despite the use of pulsed excitation and the generation of relatively

high instant carrier densities, no signature of stimulated emission or lasing was

observed in the measured power range. Specifically, the log–log plot of integrated PL

intensity as a function of excitation power (Figure 3.9) did not reveal any threshold-

like nonlinearity or abrupt change in slope. The emission spectra remained the same

shape and width, with no spectral narrowing or other features typically associated

with lasing. The extracted power-law exponents are consistent with spontaneous

excitonic recombination under moderate to high excitation conditions. This is

likely due to the structural limitations that NWs were not perfectly straight with

well-defined facets, which is crucial for Fabry–Pérot modes, along with random

orientation and dense arrangement that prevents coherent optical feedback, despite

sufficient excitation conditions [50, 194].

The peak profile, on the other hand, provides no prominent signs of saturation

or quenching up to excitation powers of 1 mW for NW samples, indicating that

the power-dependent response remained reliable and measurable throughout this

range. These results confirm that all PL behaviour reported here originates from

spontaneous emission processes, further confirming the input power range for

the following measurements.

3.5.2 µPL Investigation on Nanowires with Ag Nanopar-
ticles

To understand the impact of introducing Ag NPs on the optical properties of NW

systems, we first conducted preliminary measurements on a series of samples prior to
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parameter optimization. The samples in this section were NW/Si, NW/Ag/Si and

NW/PMMA/Ag/Si (top to bottom) structures with a more diluted NW solution

spin-coated on the top layer. The thickness of the PMMA layer was about 15 nm and

the size of Ag NPs was under 10 nm. At RT, the surface luminescence characteristics

of each sample were generally uniform, so we used Gaussian fitting to briefly analyse

their PL spectra. In contrast, at low temperatures (4 K), the samples exhibited

significant inhomogeneity, so we performed PL and TRPL measurements at multiple

locations on each sample to more comprehensively assess their localized emission

behaviour. We also performed PL time series measurements to verify the PL

stability of the samples under excitation. These results are discussed below.

4 K PL and TRPL

The coupling between LSPR and PL is strongly temperature-dependent. As

previously discussed, at 4 K, the PL spectra exhibit minimal phonon-induced

broadening, while the overall signal is enhanced due to suppressed non-radiative

processes. This leads to improved spatial resolution in µPL measurements. In

addition, the emission mechanism of NWs at low temperature has been extensively

studied, providing a reliable basis for further investigations. The suppression of

phonon activity at 4 K also reduces electron-phonon scattering in metallic structures,

resulting in less damping and stronger local field confinement, i.e., enhanced

LSPR. Simultaneously, trap states that require thermal activation are effectively

deactivated at cryogenic temperatures, allowing a more intrinsic observation of

coupling behaviour. Samples are also more stable under low-temperature vacuum

conditions, where the lack of surface adsorbates and reduced ion migration minimize

photobleaching and spectral shifts. In general, low temperatures offer a clearer

physical picture and stronger field–matter coupling. Therefore, low-temperature

µPL measurements were chosen as the starting point for investigating the coupling

between NWs and plasmonic Ag NPs.

Figure 3.12 presents both µPL and TRPL results measured at 4 K. The exci-

tation power was 2 µW at a repetition rate of 7.6 MHz and wavelength of 400 nm,
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corresponding to a fluence of approximately 67 µJ/cm2 per pulse. For each sample,

multiple positions were measured; however, representative spectra with relatively

strong emission are shown for comparison. Plotting them together facilitates a direct

evaluation of relative PL intensities. The variability in PL peak shape and width is

attributed to the inhomogeneous distribution of NWs and the collective emission

from NW clusters. The peak shifts observed in the figure are not representative of the

average peak position for a given sample. In fact, PL profiles varied unpredictably

as the sample was scanned across micron-scale regions, confirming significant

spatial inhomogeneity. Notably, sharp sub-peaks with FWHM down to ∼1 nm were

occasionally observed, which are attributed to emission from individual NWs. A

clear enhancement in PL intensity is observed upon the introduction of Ag NPs,

while the NW/PMMA/Ag/Si full structure yields an even greater increase, with peak

intensities differing by orders of magnitude compared to the NW-only configuration.

We measured TRPL at multiple selected spots for three types of samples: NW/Si,

NW/Ag/Si, and NW/PMMA/Ag/Si. As explained above, the fitting was conducted

to mainly extract the dominant early-stage decay process, which reflects the primary

radiative recombination pathway. The recorded lifetimes are presented in table 3.1.

Table 3.1: TRPL lifetimes (in ps) measured at different sample positions for each
configuration. Starred points indicate specific positions of interest (see text for discussion).

Sample P1 P2 P3 P4 P5 P6 P7
NW/Si 84 81 102 149∗∗ 100 101 120
NW/Ag/Si 68 70 41∗ 32∗ 29∗ 31∗ 107∗∗

NW/PMMA/Ag/Si 128 121 123 121 121 128 122
∗ Denotes fast-decay positions with strong LSPR coupling or potential trap-assisted quenching.
∗∗ Indicates positions with longer lifetimes, possibly due to weak coupling or different NW density.

For the reference NW/Si group, the lifetimes mostly fall in the range of 80–150

ps, with an average around 100 ps, which is consistent with radiative recombination

of shallow localized excitons at low temperature. Since non-radiative losses are

suppressed at 4 K, the lifetime mainly reflects the balance between radiative decay

and trap capture. The relatively broad distribution could be due to inhomogeneity

in trap density or clustering of NWs.
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Figure 3.12: PL and TRPL of NW/Si, NW/Ag/Si and NW/PMMA/Ag/Si
structures at 4 K. PL and TRPL at different positions showcased the enhancement
from Ag NPs. More positions were investigated and estimated enhancement factor was ∼
4 for only introducing Ag NPs and ∼ 29 for the full structure.
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Compared with the reference NW/Si group, the NW/Ag/Si samples show a

clear decrease in lifetime, especially in regions where the values drop below 40 ps.

This behaviour is generally consistent with enhanced radiative recombination due to

LSPR coupling from Ag NPs. For points that show longer lifetime (e.g. 107 ps), it’s

likely that the NWs at the position were not efficiently coupled to the Ag NPs—either

due to physical separation or weak field overlap. However, it is also observed that

the TRPL decay curves in NW/Ag/Si deviate more strongly from monoexponential

behaviour, suggesting that additional non-radiative or fast relaxation channels may

be active. One possibility is that the direct contact between NWs and Ag introduces

new interfacial traps or quenching sites, increasing the contribution from ultrafast

non-radiative capture processes. These ultrafast components reduce the apparent

lifetime and also distort the decay shape, making the overall fitting less clean.

The NW/PMMA/Ag/Si samples show the strongest PL enhancement—up to

30× higher intensity compared to NW/Ag/Si. This suggests that the addition of a

PMMA spacer layer not only improves emission efficiency, but also stabilizes the

recombination dynamics. In this configuration, the dielectric layer helps suppress

quenching effects by physically and electronically isolating the NW surface from the

Ag interface. At the same time, the PMMA can still maintain sufficient near-field

coupling to support LSPR-induced enhancement of the radiative rate. However,

the altered local dielectric environment at the PMMA/perovskite interface can

modify the spatial distribution of the excitonic wavefunction through dielectric

confinement of the local optical field, which may enhance exciton localization

and reshape the LDOS. In a scenario where radiative recombination is dominated

by localized excitons associated with shallow trap states, stronger localization

can promote carrier capture into radiative traps, thereby increasing the radiative

recombination rate and, in principle, shortening the radiative lifetime [199, 201].

As a result, the balance of both mechanism shifts toward a cleaner and more

efficient radiative process. In this sense, the modulation of radiative recombination

dynamics via a dielectric spacer appears more favourable than direct metal contact,

which introduces competing non-radiative effects. Such observation is consistent
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with previous reports where dielectric layers were employed to ensure sufficient

plasmon-photon coupling [160, 202].

Moreover, several TRPL measurements were conducted under different excitation

powers. The analysis revealed that, in the excitation regime in our measurement

(from tens of nW to a few µW), the decay curves remained nearly unchanged

in shape with varying total counts. This indicates the minimal contribution of

power-dependent higher-order quenching mechanisms, such as Auger recombina-

tion or exciton–exciton annihilation [159]. Therefore, the observed differences in

decay dynamics across samples can be more confidently attributed to intrinsic

emission properties or plasmonic coupling effects, rather than carrier-density-driven

recombination processes.

These observations together, suggest that the PL enhancement mechanism in

NW/PMMA/Ag/Si is not solely due to stronger field coupling with LSPR, but also

due to the suppression of loss channels. While NW/Ag/Si exhibits stronger local

fields in theory, the overall emission efficiency is reduced by faster contact-induced

energy dissipation. In contrast, the PMMA-spaced structure achieves a better

trade-off between field enhancement and trap suppression, resulting in both higher

PL intensity and more regular decay behaviour.

RT PL and Time Series

RT PL measurements were conducted across each sample to assess the spectral

uniformity and emission characteristics, and further test the stability of such hybrid

structures at ambient RT and air. As shown in Figure 3.13(a–c), all three structures

(NW/Si, NW/Ag/Si, and NW/PMMA/Ag/Si) exhibit well-defined emission peaks

centred around 520 nm, with FWHM ranging from 10 to 16 nm. The spectra are well-

fitted by Gaussian functions, suggesting that the emission arises predominantly from

a single radiative recombination channel, likely free exciton recombination. While

slight variations in peak position, linewidth, and intensity are observed at different

positions on the same sample, these shifts remain within 100 meV, indicating overall

spectral uniformity across the sample surfaces. Notably, the introduction of Ag NPs
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Figure 3.13: Room-temperature PL spectra and their temporal evolution.
(a–c) Position-dependent PL spectra of NW/Si, NW/Ag/Si, and NW/PMMA/Ag/Si,
respectively. Each spectrum exhibits a Gaussian profile; fitted curves and extracted param-
eters are labeled accordingly. For NW/PMMA/Ag/Si, a power-dependent measurement
was performed, while for NW/Si and NW/Ag/Si the excitation power was fixed at 4 µW.
(d–f) PL time series measurements for the corresponding samples. The excitation power
was measured 400 µW. Note: ND filters were applied during the time series acquisition;
as a result, the absolute PL intensities differ from the counts shown in the spectra. All
experiments were conducted in air, rather than under vacuum.
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does not induce any consistent redshift or blueshift in the emission peak, suggesting

minimal perturbation to the excitonic energy levels. Among the three samples,

NW/PMMA/Ag/Si exhibits the highest PL intensity under identical excitation

conditions (4 µW). Although this enhancement may be indicative of plasmonic

coupling, contributions from local NW aggregation, variations in emitter density,

or substrate-induced effects cannot be excluded.

The RT PL time series measurements (Figure 3.13(d–f)) reveal distinct time-

series behaviours across the three sample configurations. The NW/PMMA/Ag/Si

sample exhibits the highest initial PL intensity, followed by a rapid decay throughout

the measurement period. This suggests that while the PMMA spacer, aiming to

position the NWs at an optimal distance from the Ag NPs to achieve strong

plasmonic enhancement, it also hinders charge dissipation and thermal relaxation,

in which case strong local heating and the activation of non-radiative pathways

appears, ultimately compromising stability despite the initial strong emission. This

could also be attributed to the field distribution of the incident light, where the most

intense portion of the electric field from the laser was concentrated in the PMMA

layer, leading to strong localized heating that damaged the perovskite NWs. Notably,

at the position shown in Figure 3.13(c), we also confirmed that incident powers

above 1 µW could damage the sample, likely due to the enhanced localization of both

the optical field and thermal energy caused by the presence of the PMMA spacer.

In comparison, the NW/Ag sample displays moderate initial PL intensity but

the most stable emission over time. A slight initial increase is observed within

the first 20 seconds, followed by a plateau with minimal decay. This suggests

that direct Ag contact, while potentially introducing non-radiative losses, may also

assist in stabilizing surface states or facilitating charge extraction, thus suppressing

minutes-level degradation which happened with PMMA layer introduced.

However, this structure surprisingly features the best stability despite that Ag

NPs are prone to oxidation in ambient air, which could be significantly accelerated

under laser excitation. Localized photothermal heating and hot-carrier generation
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during laser irradiation enhance reactivity with oxygen and trace moisture, promot-

ing the formation of silver oxide, which degrades plasmonic performance and hence

the PL intensity [203, 204]. This could suggest that under the excitation powers

used, oxidation is not severe enough to impact the optical performance within the

measurement timescale. Alternatively, the NW–Ag interface may promote efficient

carrier extraction or localized field redistribution that stabilizes the emission. It is

also possible that partial oxidation of Ag may occur, but it does not immediately

affect the plasmonic coupling, especially if a thin native oxide layer forms while

not fully quenching the enhancement.

The bare NW sample shows the weakest PL intensity and a gradual monotonic

decline over the 2 min measurement. The absence of any plasmonic structure leads

to limited radiative efficiency. Among the three samples, it demonstrates relatively

high temporal stability, with less abrupt changes than the PMMA/Ag configuration.

Taken together, these results highlight a competition between initial PL en-

hancement and emission stability, likely influenced by LSPR-induced radiative

acceleration, interfacial dynamics and structural design.

Although these interpretations point to intrinsic mechanisms, we note that minor

instrumental drift or laser-induced sample repositioning at the early stage of mea-

surement cannot be entirely excluded, especially given the sensitivity of the system.

However, a comparison of RT PL intensities was also conducted between the

NW/Si structure and the designed NW/PMMA/Ag/Si hybrid structure. A clear

intensity difference was observed with approximately 10 times difference. Also,

in these 3 samples, beam broadening/narrowing is not occurring as a function

of power, similar to the case under 4 K.

3.5.3 Parameter optimization

To further investigate the optimal conditions for PL enhancement in this hybrid

metal–perovskite nanostructure system, we systematically tuned several key experi-

mental parameters, including the thickness of the PMMA spacer and the size of the

Ag NPs. In the process of optimization, the surface density of Ag NPs was measured
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by AFM to be approximately 10 particles per µm2. A more diluted CsPbBr3 NW

solution was used for spin coating to minimize aggregation while maintaining

sufficient NW density for interaction with the Ag NPs. This allowed for a denser

and more uniform distribution of Ag NPs, enabling stronger near-field plasmonic

coupling without sacrificing spatial separation or triggering excessive NW clustering.

Figure 3.14: AFM image of Ag NPs coated Si substrate. The bright dots refer
to the Ag NPs. The image was collected by the group of Prof. Shengfu Yang at the
University of Leicester.

Furthermore, unlike the initial measurements conducted using a 100× objective

lens (with a laser spot size of ∼ 1 µm), this set of experiments employed a 10×

objective lens. This change increased the laser spot size by a factor of 10, providing

approximately 100 times greater area coverage. Such broader illumination helps

reduce the strong position dependence previously observed due to NW inhomogeneity

and local clustering, and thus yields more spatially averaged and representative

PL intensities. Additionally, the lower magnification reduces the per-unit-area

laser power density, helping to avoid laser-induced sample damage especially under

high local field enhancement.

All measurements in this optimization study were performed at 4 K using the

same 400 nm pulsed laser with a repetition rate of 7.6 MHz. Low-temperature
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conditions were maintained to ensure high spectral resolution for clearer observation

of the intrinsic plasmonic enhancement behaviour.

As in Figure 3.15(a-c), we first performed excitation power-dependent µPL

measurements at multiple positions across the hybrid metal–perovskite NW samples.

The PL peak intensity varied between different positions. This is likely caused by

variations in local coupling strength and, inevitably NW distribution. However, the

peak shape and spectral position remained mostly consistent across measurements.

At such low excitation fluence, emission profiles resembling those of single NWs

were well preserved. Despite position-to-position variability, the integration over a

consistent spectral range allows the average PL peak intensity to reliably reflect

the emission characteristics of the structure under study.

Figure 3.15(d) illustrates a representative approach we adopted to evaluate device

performance: by selecting multiple excitation spots within a large illumination

area and extracting the average PL peak intensity as a function of fluence, we

obtained a more statistically meaningful metric for comparing samples. This

strategy helps further minimize the influence of spatial inhomogeneity and local

clustering effects that would otherwise obscure the intrinsic enhancement behaviour

of different configurations.

To further evaluate the maximum PL enhancement, we investigated samples

with varying Ag NP diameters and PMMA spacer thicknesses. A similar averaging

method was employed as described above, and only PL spectra exhibiting relatively

narrow FWHM and stable peak positions were used in the analysis, corresponding to

measurement spots that most likely represent optimal NW–Ag coupling conditions.

The comparison of PL intensity across different configurations is shown in

Figure 3.15(e–f). Among all combinations, the structure composed of 7.5 nm Ag

NPs and a 15 nm PMMA spacer exhibited the strongest PL response, consistently

featuring better PL intensity over other configurations across the full fluence range,

followed by the 8 nm Ag NPs and 5 nm PMMA structure. We therefore adopted

this as the optimal device configuration for subsequent experiments.
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Figure 3.15: Optimizing parameters by investigating multiple configurations
under larger excitation area. (a–c) Power-dependent µPL spectra taken at three
different positions on the hybrid device. At position 3, the individual emission lines form
several single NWs that can be resolved in the spectra. (d) Position-dependent PL peak
intensity as a function of excitation fluence on the hybrid device. (e,f) Optimization of
device parameters by varying the Ag NP size and PMMA layer thickness.
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It is worth noting that the Ag NPs inherently exhibit a size distribution as

described in Figure 3.4; however, over 50% of the particles fall within the target size

range of 7.5±1 nm. Additionally, to ensure the reliability of the observed enhance-

ment effects, although measurements were repeated over multiple days, all samples

were stored either in a dry nitrogen environment or maintained under vacuum

within the cryostat throughout this period. No signs of degradation were observed,

confirming the stability of the perovskite NWs under the experimental conditions.

The principles as the enhancement are controlled by the competition of radiative

enhancement and non-radiative quenching, while both factors have complex depen-

dence on the spacer distance and particle size, even the surrounding material, as

indicated in the beginning of this chapter. Although the LSPR features significant

decay as the distance increases, a smaller distance may cause unexpected energy

dissipation and enhanced non-radiative pathway and thus a reduced PL emission.

The size, shape of the Ag NP further limit the LSPR strength which is intrinsic

to metal NPs[93]. Therefore, making a balance of all those complicated factors

is especially crucial with a hybrid nanostructure in the few nm range. The PL

emission, under this condition, was maximized, while the mechanisms of such

enhancement was ambiguous. A comprehensive study on the optimized device

configuration was conducted, with a comparison to the pure NW emission to

further prove the plasmonic behaviour.

3.6 Ag NPs Enhanced PL Emission in Perovskite
Nanowires

PL spectra were measured at 4 K for the NWs and the hybrid nanostructure under

the determined parameters. The hybrid metal–perovskite NW device exhibited a

PL intensity enhancement of approximately tenfold compared to pure perovskite

NWs, as shown in Fig. 3.16(a) and (b). This pronounced enhancement is attributed

to the incorporation of a dielectric spacer layer, which tailors the electromagnetic

field distribution, mitigates excessive absorption of the incident light by the Ag
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NPs, and ensures efficient photon–plasmon coupling through optimal matching

with the LSPR of the Ag NPs.

However, both the Ag NP distribution and the arrangement of perovskite NWs

are intrinsically random, leading to significant local variations in enhancement.

Obtaining a representative µPL measure of the collective emission from the hybrid

NWs remained challenging due to spatial inhomogeneities. To address this, we

performed 2D mapping measurements over selected regions, enabling us to extract

an averaged emission signal.

Figure 3.16: Enhanced PL for optimized parameters. (a,b) µPL spectra from
bare NW sample and the optimized device configuration under 4 K. Multiple PL emission
spectra were presented to show the highly position dependence. (c,d) 2D mapping on
bare NWs and hybrid metal-perovskite NWs respectively.

Figures 3.16(c) and (d) present representative PL intensity maps of pure

perovskite NWs and hybrid NWs fabricated with optimized parameters. Each
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scan covered an area of 50 × 50 µm2, with a pixel resolution of 1 × 1 µm2. The

excitation source was a 405 nm pulsed laser operating at a repetition rate of 10 MHz,

with an average power of 800 nW at the sample surface. A 100× objective lens

was used, yielding a laser spot size of approximately 1 µm, which matches the

pixel size in the scan and ensures that each pixel measurement corresponds to

an individual laser spot excitation. Although some minor defocusing occurred

during the mapping process, the total contribution to the PL intensity was included

in the evaluation. Such 2D scans were repeated at multiple regions across both

types of samples to further reduce manual errors. From these measurements, the

mean PL intensity enhancement factor for the hybrid NWs was determined to be

8.5 ± 2.4, with the uncertainty representing the standard deviation from different

scanned areas. This averaged value is considered more representative of the overall

enhancement effect than isolated measurements.

In summary, PL measurements combined with spatial mapping provide an

averaged enhancement factor that accounts for the spatial inhomogeneity inherent

to the hybrid NW samples. The mapping approach partially resolves the influence

of random Ag NP and NW distributions, but certain uncertainties remain. For

example, the lateral spacing between individual Ag NPs and NWs cannot be

precisely determined; multiple Ag NPs may accompany a given NW with optimal

alignment for LSPR coupling, while another bright emission spot may originate

from an intrinsically strong-emitting NW or a cluster of NWs with minimal

plasmonic interaction. Such scenarios are intrinsic to the system and cannot be

entirely eliminated in the measurements. Consequently, the PL intensity, although

it can representative of the device performance, it alone cannot differentiate

the best plasmon-enhanced emission from the background luminescence. To

probe the underlying recombination dynamics more directly and disentangle these

contributions, TRPL measurements were performed.

In addition to the extreme brightness observed in the PL mapping which indicates

the dominance of radiative processes in these regions, TRPL measurements were

performed on the corresponding samples as shown in Figure 3.17, yielding lifetimes
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Figure 3.17: Comparison of TRPL for various device configurations.

of 71 ps, 689 ps, 64 ps, and 61 ps for NW/Si, NW/Ag/Si, NW/PMMA/Ag/Si, and

NW/PMMA/Si, respectively. The NW/Ag/Si configuration exhibits a markedly

longer lifetime than the other structures, whereas the introduction of the PMMA

spacer in the hybrid device results in a slight decrease in the lifetime and a

clear suppression of the long-lived tail observed in the recombination dynamics

of bare perovskite NWs on the Si substrate. The presence of localized surface

plasmons can enhance the radiative decay rate, which on its own would be expected

to shorten the PL lifetime. Nevertheless, in hybrid NW configurations, if non-

radiative recombination centers such as surface states are suppressed, this effect can

counterbalance or even outweigh the radiative acceleration, potentially resulting in

an unchanged or even prolonged lifetime, consistent with analogous observations in

metal-enhanced and perovskite–plasmonic hybrid systems [49, 205, 206]. Although

a shortened lifetime was observed for the complete structure, additional, more

complex mechanisms may also be involved and remain to be revealed.

3.6.1 Discussion on Plasmon–photon Coupling Mechanism

The TRPL curves exhibit unexpected lifetime variations: the introduction of Ag

alone results in a prolonged decay with a more monoexponential profile, whereas the
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introduction of PMMA alone, without LSPR, leads to a slightly shortened lifetime

with a similar decay shape. Nevertheless, we attribute the observed PL improvement

to effective plasmon–photon coupling, supported by substantial evidence. The

following section discusses the underlying mechanism in detail.

Apparent Purcell Factor Analysis and Limitations

Given the observed variations in PL lifetime, it is instructive to evaluate the degree

of radiative rate modification among different configurations. This can be expressed

in terms of the Purcell factor FP, which quantifies the change in the radiative decay

rate due to modifications in the local photonic environment and is defined as

FP = Γrad

Γ0
rad

,

where Γrad and Γ0
rad are the radiative recombination rates in the modified and

reference structures, respectively.

Experimentally, Γrad can be determined from the measured PL lifetime τ

and PLQY via

Γrad = PLQY
τ

.

In the current experiments, the absence of accurate PLQY values prevents

a direct separation of radiative and non-radiative channels. As a result, only

an apparent Purcell factor

F app
P ≈ τ0

τ

can be estimated, assuming negligible variation in the non-radiative decay rate.

This approximation is, however, strongly affected by the complex recombination

dynamics in perovskites and by additional loss channels introduced by metallic

components. Consequently, the current estimation likely deviates from the true

radiative enhancement, and a more rigorous quantification would require time-

and spectrally-resolved lifetime measurements combined with absolute PLQY

determination.
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These considerations highlight that the observed lifetime variations are not

only dictated by radiative acceleration, but are the result of merged plasmonic

enhancement and non-radiative loss channels. In the following section, we investigate

the underlying plasmonic coupling mechanisms in greater detail to better resolve

these contributions.

Discussion the Enhancement Mechanism via Lifetimes

Suppressed Non-radiative Recombination:

The NW/Ag/Si sample (blue curve) exhibits a significant increase in PL intensity,

along with a substantially longer average lifetime. This indicates that the excitation

process is enhanced via near-field coupling between the Ag NPs and the NWs,

LSPR at the pump wavelength. In this system, both the fast and slow decay

components originate from localized exciton emission associated with different

potential minima. Plasmonic coupling and the modified dielectric environment

can suppress certain non-radiative channels, particularly those linked to surface-

related dissipation, allowing long-lived localized exciton states to contribute more

prominently to the total emission [49, 205, 206]. As a result, the average lifetime

increases even though the overall PL intensity is enhanced.
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Optimized LSPR with Minimal Energy Dissipation:

The NW/PMMA/Ag/Si sample (purple curve) exhibits the strongest PL en-

hancement and the shortest lifetime among all configurations. Introducing a ∼15 nm

PMMA spacer effectively reduces non-radiative energy transfer to the metal while

maintaining near-field coupling. This configuration increases the LDOS at the

emission wavelength, leading to faster radiative decay and an improved quantum

yield. The reduced contribution of trap-assisted recombination further shortens

the overall lifetime. In addition, the dielectric PMMA layer tunes the resonant

spectrum to a red shift, providing a better-matched LSPR condition [82]. The

chosen PMMA thickness represents a balance between minimizing energy-transfer

losses to the metal and preserving sufficient plasmon–emitter coupling. Since the

LSPR near-field is non-propagating and decays nearly exponentially with distance

(typical decay length on the order of 5–30 nm) [151], the spacer thickness critically

determines the coupling strength.

Altered Dielectric Environment and Interface from PMMA:

The NW/PMMA/Si sample (yellow curve) also shows a shorter lifetime compared

to NW/Si. In this case, the PMMA layer modifies the dielectric environment at

the NW/substrate interface, increasing the LDOS and reducing the influence of

substrate-induced non-radiative channels. These effects increase the relative weight

of the intrinsic fast decay channel, resulting in a shorter measured lifetime despite

the absence of plasmonic structures.

The PMMA coating slightly elevates the NWs and reduces the effective dielectric

screening at the perovskite interface, thus strengthening the Coulomb interaction

between electrons and holes [199, 201]. This reduced screening can enhance exciton

binding and localization, which in turn may increase the contribution of radiative

shallow traps, thus accelerating radiative recombination and shortening the overall

PL lifetime. In addition, PMMA also changes the local optical field distribution

near the perovskite interface by increasing the fraction of the optical field confined

within the perovskite layer, and reduces coupling into substrate-guided modes,

thereby enhancing the interaction between excitonic dipoles and free-space radiative
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modes. This redistribution of the local optical field can further promote radiative

recombination and contribute to a shorter radiative lifetime [207].

3.7 Conclusion and Discussion

In this chapter, we demonstrate pronounced plasmon-enhanced emission from

hybrid nanostructures composed of Ag NPs and CsPbBr3 perovskite NWs. A

two-phase fabrication method, combining superfluid He droplet deposition with

wet-chemical synthesis, enabled precise control over NP size and plasmon resonance,

while avoiding chemical residues that can cause plasmon energy losses. The

engineered four-layer architecture of 7.5 nm Ag NPs and a 15 nm PMMA spacer

yielded the strongest enhancement, with µPL mapping at 4 K revealing an average

8.5-fold increase in emission intensity compared to bare NWs. Time-resolved

spectroscopy confirmed accelerated recombination dynamics arising from tailored

plasmon–exciton interactions.

Despite these advances, the hybrid devices exhibit limited stability under ambient

conditions, due to the chemical reactivity of Ag and the intrinsic fragility of

perovskite emitters. Furthermore, the enhancement is constrained by morphology

inhomogeneity, with most measurements reflecting collective PL rather than opti-

mally aligned single NW–Ag coupling. The low-temperature emission is dominated

by localized excitons, a regime likely to shift toward free-exciton behaviour at RT

due to phonon-induced delocalization. Temperature-dependent spectroscopy could

clarify this transition. Plasmonic enhancement here arises from a combination

of interface effects, field confinement, LDOS modification, and near-field energy

coupling; however, the present temporal resolution limits prevent a full separation

of radiative and non-radiative contributions in the fast-decay regime. Higher spatial

and temporal resolution TRPL studies under varied conditions would enable a

more complete picture of the underlying dynamics.

The outstanding performance of these hybrid nanostructures underscores their

potential in applications demanding efficient light–matter interaction at low excita-

tion powers [160, 161]. These measurements lay a strong foundation for advancing
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lead halide perovskite–based nanophotonic devices, ranging from visible-wavelength

nanolasers to practical light-emitting diodes and photodetectors, where plasmonic

coupling can selectively enhance light emission or absorption. The precise integration

of plasmonic and semiconductor components demonstrated here addresses key

engineering challenges in the field and marks a significant step toward scalable,

on-chip photonic technologies.
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4.1 Chapter Introduction

As a continuation of the study on Ag-enhanced NW emission, this chapter ex-

plores Mg as an alternative plasmonic material coupled with NWs to achieve PL
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enhancement. Section 4.2 provides a review of plasmonic Mg NPs, highlighting

their advantages, limitations, and recent developments. Section 4.3 details the

synthesis procedures for the designed samples, including improvements in the

NWs. Sections 4.5 and 4.6 present a comprehensive investigation of the PL

properties of the hybrid structures, first with bare Mg NPs and subsequently

with an additional dielectric coating. Finally, the chapter concludes with an analysis

of the plasmonic coupling mechanisms in these hybrids, including a comparison

with conventional Ag NPs.

4.2 Plasmonic Mg Nanoparticles

Noble metals have been widely employed as plasmonic materials due to their mature

synthesizing methods and high Q factor in the visible range. Recently alternative

materials have been investigated including metal nitrides [208], graphene [209, 210],

superconductors [211], together with metals such as Cu [212, 213], Al [214, 215] and

Mg [216, 217]. It is reported that in the visible wavelength range, metals are still

regarded as the most compelling way to generate LSPR [218]. However, noble metals

such as Au and Ag suffer from their high material cost, while Ag is prone to oxidation,

imposing stricter requirements on its practical implementation. Cu and Al exhibit

higher optical losses due to their large imaginary dielectric components and are also

susceptible to oxidation, which renders their plasmonic resonances less effective [135].

The rise of Mg as an alternative plasmonic material stems primarily from its

significant advantages over traditional noble metals. First, Mg is an extremely

abundant element on earth and its acquisition cost is much lower than that of Au

and Ag. This makes Mg-based plasmonic devices significantly more economically

advantageous for future large-scale production and commercial applications [217].

Mg also has low density and good bio-compatibility, which gives it excellent potential

for applications in the biomedical field. Moreover, Mg offers unique advantages in

its optical properties, in that its plasmonic response extends into the UV region,

enabling LSPR modes that span from the UV to the IR. This additional spectral
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degree of freedom renders Mg highly promising for next-generation nanophotonic

devices [216, 219].

Figure 4.1: Crystal structures of HCP, BCC, and FCC lattices. Schematic
representations of the conventional unit cells of hexagonal close-packed HCP, body-
centered cubic BCC, and face-centered cubic FCC structures. The line frames represent
unit cells. The lattice parameters are taken from Mg (HCP), K (BCC), and Au (FCC),
respectively.

Unlike conventional plasmonic metals such as Au, Ag, Cu, and Al, which

crystallize in a face-centred cubic (FCC) lattice structure, Mg adopts a hexagonal

close-packed (HCP) structure. Shape plays a decisive role in LSPR when the particle

size approaches the excitation wavelength, and tailoring particle morphology is

widely recognized as one of the most effective strategies to manipulate plasmon

resonances, as also discussed in the previous chapter [82]. The exploration of

plasmonic Mg therefore opens an extended library of particle geometries, offering

diverse field distributions and optical responses [92].

The synthesis of Mg NPs has been achieved through several complementary

routes. Physical methods such as inert-gas condensation produce Mg@MgO core–

shell particles with controlled diameters of approximately 35 nm [220]; pulsed laser

ablation in liquids generates ligand-free Mg colloids by irradiating bulk Mg targets

in organic or inert solvents [221]. Nevertheless, colloidal approaches remain the most

widely adopted route, where the particle size can be tuned by varying the reducing

agent concentration, precursor ratio, solvent polarity, and temperature [222, 223].

Such control has enabled the synthesis of single-crystalline hexagonal platelets and
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twinned rods with sizes ranging from 80 to 1300 nm [224]. More recently, Ten et al.

reported a one-pot colloidal synthesis strategy that selectively smooths the corners

and edges of faceted Mg NPs, yielding monodisperse quasi-spherical particles while

retaining strong plasmonic responses [225]. This shape-control methodology opens

new opportunities for Mg-based LSPR systems with uniform optical properties.

To the best of our knowledge, no detailed experimental or theoretical studies

have yet reported the coupling of plasmonic Mg NPs with CsPbBr3 NWs for the

enhancement of PL. However, recent work has begun to reveal the unique properties

and enhancement effects of Mg plasmonic nanostructures. For instance, Ten et

al. [226] demonstrated the application of Mg NPs in surface-enhanced Raman

scattering (SERS) and light-driven catalysis, reporting enhancement factors of

approximately 102 for bare Mg NPs and 103 when decorated with Pd. Although

these values remain significantly lower than those of conventional Au NPs, which

typically exceed 106, the observed enhancement highlights the potential of Mg as

a viable plasmonic material for future applications.

In this context, our work provides the first systematic investigation of plasmonic

Mg NPs coupled with CsPbBr3 NWs to enhance their PL emission. By combining the

advantages of Mg as an earth-abundant, stable plasmonic material with the superior

optical properties of perovskite NWs, this study establishes a new platform for

plasmon–semiconductor hybrid structures. The results not only fill an existing gap

but also demonstrate the potential of Mg-based nanostructures for next-generation,

cost-effective nanophotonic devices.

4.2.1 Proposed Mg–Perovskite Hybrid Structure with Sim-
ulation

Similar to Figure 3.1, finite-element simulations were performed to investigate the

plasmonic enhancement in the Mg–NW hybrid structure. In the model, the hybrid

system consists of Mg NPs (with a self-limiting MgO coating) and a CsPbBr3 NW

with a SiO2 buffer layer. Figure 4.2 shows the resulting field enhancement. The

role of the MgO layer will be discussed in Section 4.3, while the use of SiO2 as
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the dielectric spacer follows the same rationale as in the Ag-based design, namely

to minimize nonradiative losses.

Figure 4.2: Finite-element simulations of plasmonic enhancement in a Mg–
CsPbBr3 NW hybrid structure. (a) Schematic and cross-sectional field distribution
showing strong localized field distribution at the NW–NP interface. (b) Wavelength-
dependent enhancement factor of |Ez|2. The simulations were conducted by Dr. Xavier
Romain.

Figure 4.2(a) presents a schematic of the hybrid structure together with the

cross-sectional distribution of the electric field intensity, |Ez|2. Panel (b) displays

the wavelength-dependent enhancement factor of the perpendicular electric field

component, |Ez|2, within the CsPbBr3 NW. A pronounced local field enhancement

is observed at the NW–NP interface, indicating that Mg NPs can effectively

tailor the electromagnetic environment of the NW. The corresponding simulation

parameters are: Mg NP diameter of 90 nm, MgO shell thickness of 5 nm, and SiO2

spacer thickness of 5 nm. It should be noted that, due to the approximations

and boundary conditions inherent in the finite-element method, the simulated

values are intended as qualitative illustrations rather than quantitative measures

of the actual enhancement factor.
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4.3 Sample Fabrication and Modification

4.3.1 Size-Controlled Faceted Spheroidal Mg Nanoparticles

The synthesis of the size-controlled Mg NP via a colloidal process was conducted by

our collaborators at the University of Cambridge, and more information is included in

their publications [225]. In this method, an organometallic magnesium precursor (di-

n-butylmagnesium) is reduced by lithium naphthalenide, an aromatic electron carrier

anion, in coordinating ether solvents under an inert atmosphere. The reduction

produces colloidal Mg particles that are stabilized by a thin self-limiting MgO shell,

which forms upon exposure to air and provides passivation of the metallic core.

The particle size is primarily tuned by controlling the reaction time, precursor

concentration, and solvent coordination strength. Shorter reaction times and

strongly coordinating solvents yield smaller NPs, while longer times and higher

precursor concentration favour the growth of larger particles. In addition, additives

such as transition-metal salts can bias nucleation and growth, further refining the

particle size distribution [224]. In this way, samples with mean diameters ranging

from about 60 nm to over 230 nm were prepared, corresponding to the series used

in this thesis, as illustrated in Figure 4.3(a–e). The oxide shell that naturally forms

on the particle surface features a thickness of ∼ 10 nm and protects the metallic

Mg core, and ensures that the colloids remain stable under ambient conditions or

even after etching [224, 225]. The self-limiting oxide shell also provides a different

dielectric layer that tunes the LSPR spectra in general.

All samples thus share the same synthetic origin and morphological characteris-

tics, namely faceted spheroidal Mg NPs with a protective oxide shell, differing only in

their mean size. A near-spherical morphology was intentionally targeted to minimize

plasmonic losses induced by nonlocal effects; however, the optimal outcome of the

synthesis yields faceted spheroidal NPs at the designed sizes. Such near-spherical

NPs also help to avoid shape-induced anisotropy and enable a clearer interpretation

of LSPR behaviour. These well-defined and stable dispersions provided a consistent

platform for the optical studies described in the following sections.
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Figure 4.3: Colloidal Mg NPs synthesized in different sizes. (a–e) SEM images
demonstrating progressive size increase. (f) STEM image of an individual hexagonal
platelet synthesized under similar conditions, exhibiting a ∼10 nm self-limiting oxide
shell [224]. The data presented in this figure were collected by Christina Boukouvala from
the group of Prof. Emilie Ringe at the University of Cambridge.
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Regarding the plasmonic enhancement of the PL emission, the spectral overlap

between the plasmonic resonances of the Mg NPs and the emission band of the

CsPbBr3 NWs is critical for achieving an effective LSPR enhancement. Figure 4.4

presents the UV-Vis spectra of all Mg NPs used in this study with different sizes.

In the spectral region of 500–600 nm, which corresponds to the PL emission of

the perovskite NWs, the AT81 sample shows only a limited overlap compared to

other NP sizes. This limited coupling suggests a weaker enhancement efficiency for

AT81, whereas larger NPs (e.g., AT83 and AT84, ∼90–100 nm) provide stronger

spectral overlap and thus more efficient plasmonic coupling.

In addition to the spectral overlap, the plasmonic response modes of Mg NPs

evolve with size. For smaller NPs, the extinction spectrum is dominated by the

dipolar LSPR mode, which typically produces a single broad absorption band, such

as in the case of AT81-84. As the particle size increases, higher-order plasmonic

modes beyond the fundamental dipole resonance become significant. For example,

quadrupolar modes, where half of the electron cloud moves parallel to the applied

field and half moves antiparallel, contributions emerge, leading to the appearance

of additional absorption features and spectral broadening [82]. These higher-order

resonances can further influence the coupling with excitonic emission, providing

additional enhancement pathways depending on their spectral alignment with

the perovskite PL band.

Additionally, Mg NPs and Ag NPs coated with SiO2 core–shell NPs employed in

this study were also provided by the group of Prof. Emilie Ringe at the University

of Cambridge. While the detailed synthesis protocols are not disclosed here, both

types of NPs were prepared via colloidal routes and subsequently encapsulated

with a thin amorphous silica shell of 5–10 nm. In the case of Ag@SiO2, silver NPs

are commonly synthesized by chemical reduction and coated with SiO2 using a

modified Stöber method, which yields uniform and controllable shell thicknesses [227,

228]. For Mg@SiO2, a similar coating approach is adopted in order to further

tune the properties of the dielectric spacer, while the silica shell simultaneously

acts as an effective barrier against oxidation and maintains optical transparency.
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Figure 4.4: Size-dependent optical absorption of colloidal Mg NPs. (a)
Normalized UV-vis absorption spectra of the series used in the chapter. (b) Corresponding
mean diameters and size distributions. The data presented in this figure were collected
by Christina Boukouvala from the group of Prof. Emilie Ringe at the University of
Cambridge.

These core–shell structures combine chemical stability with a tunable dielectric

environment, making them suitable for the plasmon–exciton coupling studies

described in this thesis.

In the experiments, all Mg NP samples were initially characterized under identical

measurement conditions. However, due to fabrication constraints, not all samples

were available for further investigation, particularly after the introduction of a newly

designed dielectric layer. Nevertheless, the overall size variation among the different

batches was relatively modest. The non-ideal surface morphology of the NPs (i.e.,

their deviation from perfectly smooth spheres) further restricted the manifestation

of distinct LSPR features. As a result, even with limited options from samples, we

were still able to obtain a fair and representative plasmonic enhancement, which

will be further elaborated in the subsequent results section.

4.3.2 Modification on CsPbBr3 NWs via Electric Field

The CsPbBr3 perovskite NWs were synthesized at Leicester University using a

colloidal solution-phase approach with the same chemical recipe and reaction
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conditions (time and temperature) as previously stated. However, as illustrated in

the last chapter, the carrier dynamics were highly influenced and dominated by

traps in the NW crystal, which are strongly controlled by the NW morphology and

assembling and thus by the spot position; this raised concerns about achieving a

representative evaluation of the enhancement effect. To lessen the influence of such

factors, an improved method for NW fabrication was introduced.

The light-induced assembly of halide perovskite NCs has been reported to

partially desorb surface ligands and promote oriented attachment, leading to the

formation of 1D CsPbBr3 NWs [229]. Therefore, we hypothesize that an externally

applied alternating electric field can play an analogous guiding role during the

solution growth window. Prior studies have shown that alternating current (AC)

fields can strongly couple to perovskite NWs in a contactless geometry [230], and

extensive dielectrophoresis literature demonstrates robust NW alignment from

solution under MHz fields [231, 232]. By combining these principles with the light-

driven ligand dynamics [229], our method aims to steer NW formation toward higher

aspect ratio and smoother morphology using an externally programmed field while

preserving the chemical environment of the growth process. This rationale motivates

the field parameters and sample choices adopted in the following experiments.

In practice, we adopt a contactless AC configuration capable of coupling the

field through the vessel wall, thereby avoiding electrochemical side reactions and

operating within a defined frequency–voltage window. Two parallel-plate electrodes

are driven by a source with independently tunable amplitude and frequency, while an

oscilloscope monitors the waveform in real time. The applied potential establishes

a controlled electric field between the plates.

To investigate the influence of the introduced electric field, a comparison of

the PL intensity and lifetime at RT was carried out. For PL measurements, the

excitation power was fixed at 2 µW, following the conditions used in previous NW

experiments to suppress higher-order carrier dynamics and to avoid saturation.

TRPL measurements were performed on the same spot with two different excitation

powers of 2 µW and 500 nW at a repetition rate of 1.52 MHz, corresponding to
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fluences of approximately 335 and 84 µJ/cm2. These two excitation regimes

were chosen to reveal any potential high-power-induced state filling or other

nonlinear effects.

Figure 4.5: Comparison of emission from NWs grown with and without AC
electric field. (a) µPL spectra on both samples (w and w/o electric field) with three
different positions at the same excitation condition, corresponding peak intensity in counts
labelled. (b) Corresponding TRPL of the PL peaks in the low excitation regime.

Figure 4.5(a) shows the PL emission from three different spots on both samples.

A ∼5-fold stronger PL emission was observed for the sample grown with AC electric

field (labelled as EF in the figure) compared to the reference NWs (labelled as no

EF). The absence of spectral shifts indicates that the CsPbBr3 NWs possess similar

structural features and confinement dimensions in both cases. The enhanced PL

intensity may originate either from increased radiative efficiency due to reduced

surface recombination or from NW aggregation on the substrate.

TRPL reveals distinct differences in the recombination dynamics. Bi-exponential

fitting to extract the initial decay and long tail lifetimes to evaluate the dynamics

was conducted with proper IRF deconvolution, and the corresponding lifetimes

are shown in Table 4.1.

In perovskite systems, trap states are broadly distributed in both the bulk and

at the surface. For NWs, the large surface-to-volume ratio results in a particularly

high density of surface traps. Compared to bulk traps, which primarily affect carrier

transport and lifetime, surface traps can rapidly capture photoexcited carriers
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or excitons and introduce nonradiative recombination channels, thereby directly

reducing the PL efficiency [233].

At low fluence, the EF NW exhibits a fast decay component of ∼3 ns and a slow

decay component of ∼9 ns, which can be attributed to free-exciton-like radiative

emission and trap-assisted emission, respectively. At high fluence, the filling of the

limited trap states leads to suppression of the long-lived tail, and consequently a

clearly reduced lifetime is observed. In comparison, the reference sample shows

τ1 values ranging from 2–5 ns and τ2 extending up to 26 ns under low fluence,

indicating that the recombination dynamics are significantly modified in the EF

NWs. It is worth noting that at position 1 of the reference sample, the fitting

reveals a strong contribution from trap-assisted recombination, particularly under

low fluence, which is also consistent with the observations of Ag NPs discussed in

Section 3.5. Additionally, due to the strong emission of the EF samples, the

measurement at position 3 under high fluence is affected by a pile-up effect,

where early-arriving photons are oversampled and the subsequent photons are

underestimated. This artifact results in an apparently faster decay that does not

reflect the real recombination dynamics [234].

In the reference sample, a pronounced long-lived tail indicates that trap-mediated

channels significantly contribute to the decay. In contrast, the EF sample exhibits

a clear suppression of this component, evidencing reduced trap involvement. As

a result, the relative contribution of the fast radiative pathway increases, leading

to a shorter amplitude-weighted lifetime despite the enhanced PL intensity. This

behaviour suggests that the system is strongly trap-limited in the baseline condition,

whereas an extended lifetime, indicative of improved crystal quality enabling long-

range exciton diffusion in ideal free-exciton-dominated emissions, has been reported

previously [229].

In conclusion, the introduction of the AC electric field enhanced the PL emission

by suppressing nonradiative trap states. To minimize the unavoidable influence

of NW aggregation on the substrate, 2D PL mappings were performed for both

samples, with sonication applied prior to spin coating to redisperse the CsPbBr3
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Table 4.1: TRPL lifetime fitting of reference and EF samples

Sample Position Low
fluence τ1

Low
fluence τ2

High
fluence τ1

High
fluence τ2

No EF 1 5.27 24.61* 4.63 16.48
No EF 2 4.54 11.49 2.35 7.75
No EF 3 5.29 26.14 / /

EF 1 3.54 8.27 1.75 5.89
EF 2 3.25 10.12 1.67 5.72
EF 3 2.37 8.03 0.59** 2.78**

Lifetimes were obtained from bi-exponential fits. τ1 corresponds to the fast decay
component, while τ2 corresponds to the slow decay component.
* For the No EF sample at position 1 under low fluence, the slow decay component with
τ2 = 24.61 ns has a larger amplitude than τ1; in all other cases, τ1 contributes more to
the overall decay.
** An abnormally small τ1 component was fitted due to pile-up effects from the high
signal level. This artificial fast component does not represent the true decay dynamics
and should be excluded.

NWs. This treatment further reduced the tendency for self-attraction arising from

long-range dipole–dipole interactions and short-range van der Waals forces [235, 236].

Figure 4.6 presents representative mappings of the EF and reference samples, while

multiple scans consistently revealed an average 2.5-fold increase in PL intensity,

further confirming the improved PL efficiency.

4.3.3 Hybrid Mg–Perovskite Nanostructures

The fabrication of the hybrid Mg–NW structures was performed immediately prior

to characterization to ensure sample freshness. The NW solution was thoroughly

dissolved and sonicated before each use in order to minimize aggregation. The

Mg NPs, prepared as a stable dispersion in water, were also sonicated to ensure

uniformity, and then spin-coated onto Si substrates at 3000 rpm for 60 s to achieve

an even distribution. Subsequently, the NWs were spin-coated on top. After solvent

evaporation, all samples were loaded into a cryostat and pumped down to vacuum

to maintain quality. For experiments requiring higher Mg NP density, Mg NPs

were alternatively deposited by dropcasting onto the Si substrates.
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Figure 4.6: 2D mapping of the EF and reference samples. (a–b) 2D PL mappings
over a 50 × 50 µm2 area of (a) the EF sample and (b) the reference sample. The colour
scale represents the integrated PL intensity in the range of 500–550 nm. (c) Integrated
PL intensity over the entire mapped area. The repetitive fluctuations originate from the
relatively low signal-to-noise ratio of this setup. All mappings were performed using a
450 nm CW diode laser with a power density of 1.27 W/cm2.

4.4 Setup

In this chapter, both pulsed and CW laser excitations were employed. For time-

resolved measurements, a 400 nm Ti:sapphire fs laser operating at 7.6 MHz was

primarily used, providing a measurable decay window of up to 130 ns. For 2D

mapping, in addition to the 405 nm pulsed laser source, a 450 nm CW diode laser was

used to acquire steady-state PL mapping images. Low-temperature measurements

at 4 K were carried out using a cryostat cooled by liquid He. The TRPL signals were

detected by an APD coupled to a TCSPC module with a resolution of 4 ps per bin.
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4.5 µPL Characterization on Hybrid Mg–CsPbBr3
Nanostructures

4.5.1 µPL Characterization at RT for Uncoated Mg NPs

RT µPL investigations were first conducted on Mg NPs with different sizes,

prepared by directly dropcasting the NPs followed by spin-coated NWs without

any spacer material. TRPL decays were recorded at the same positions in order

to monitor possible variations in the recombination dynamics. The excitation

power was set to 6.7 µJ/cm2, a regime in which no saturation, minimal multiexciton

processes, negligible state filling, and no sample damage induced by the incident

field was expected.

For all measurements, we ensured a comparable number of NWs within the

laser spot for comparison by adjusting the excitation positions on the surface.

Comparisons were then made only between regions with a similar number of

emitters, in order to account for the collective contribution of each NW. Figure 4.7

summarizes the results obtained from this series of experiments.

With regard to the PL intensity, a moderate enhancement is observed in sample

AT81–83 within the smaller NP size range. The strongest PL emission with a

4-fold enhancement was observed on AT81 (mean diameter 60 nm), followed by

approximately 2× enhancement on AT82–83 (mean diameter 75 nm and 90 nm)

compared to the NW only sample, indicating clearly LSPR coupling. In contrast,

no significant change is found for AT84, which corresponds to mean NP sizes of

approximately 100 nm. This might be due to the limited coupling to the LSPR

mode with respect to the smaller overlap of between the PL emission centred at

525 nm and the LSPR spectra indicated in Figure 4.4 (a). The fact that small-

sized Mg NPs induce such behaviour can be ascribed, on the one hand, to their

favourable spectral overlap with the LSPR, and on the other hand, to the larger

effective contact area provided.

Interestingly, PL quenching occurs in sample AT104 with a mean NP size of

∼170 nm, while a similar PL intensity was again observed with an increased size
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Figure 4.7: RT measurements of the Mg–NW hybrid structure with Mg NPs
AT81–104. (a) µPL investigation on the hybrid structure. Blue dots: PL peak intensities
as a function of Mg NP size; red dots: spectral peak centres for varying NP size. Both
PL enhancement and peak shift are simultaneously observed in sample AT81–83. (b)
PL lifetimes of the corresponding samples obtained from bi-exponential fitting. Green
triangles: weighted average lifetime [234]; purple diamonds: fast-component lifetime. (c)
TRPL decay curves for all seven samples, including the NW-only reference sample.

(∼200 nm) of Mg on AT90, suggesting a transition from enhancement to suppression

and, a non-monotonic increase in coupling as the NP size increases. According to

Figure 4.4 (a), although the dipole modes of these two large NPs have limited overlap

at the NW PL emission, the coupling of the quadrupole mode would be promising

on AT90 given the size-tuned blue-shift. In general, the dipole plasmon mode

is regarded as the dominant resonance in small metallic NPs, strongly coupling

to both the far-field and the local near-field. Higher-order modes, such as the
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quadrupole resonance, typically emerge as the particle size increases, with weaker

radiative coupling but more confined near-field distributions [82]. However, in the

case of Mg NPs, the intrinsic plasmon quality factor is significantly lower than

that of noble metals such as Au or Ag, due to stronger damping. As a result, the

dipole mode is inherently weakened. The higher-order coupling becomes relevant

especially in the case of ∼10 nm spacing.

It is worth noting that no improvement of the PL intensity does not necessarily

mean no LSPR coupling, considering the multiple energy dissipation channels

induced by the condition of nearly contacting.

In addition to the PL counts, peak shifts were also observed in the presence

of Mg NPs. A blue shift would be expected normally from the mode coupling by

comparing the LSPR modes [216]. However, a clear red shift of the peak centre

was observed for AT81–83, which have mean diameters smaller than 100 nm and

also exhibit prominent PL enhancement. A red shift in the emission of perovskites

coupled to plasmonics can originate from several mechanisms, such as energy level

hybridization, dielectric screening or plasmon-induced local heating. However, the

hybridization of the energy level and the consequent Rabi splitting occur in a strong

coupling regime [89, 237], which is unlikely to arise from Mg NPs whose Q factor

is much lower than noble metal NPs [92]. Double-peak behaviour is also absent

from the PL measurements. Dielectric screening can be excluded in the present

case, since the observed shift, unlike the systematic behaviour found with the

introduction of PMMA, is not a general feature across all Mg hybrid structures and

should therefore not be overemphasized [199, 201, 238, 239]. As for heating, we also

rule it out as the main cause because the excitation fluence in our measurements

was deliberately kept at a very low level. Secondly, if heating were dominant, one

would expect (i) concomitant linewidth broadening due to enhanced exciton–phonon

interactions, and, in the presence of defect-mediated pathways, (ii) TRPL signatures

of thermally activated nonradiative recombination manifested as accelerated PL

decay—none of which were observed in our system.
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The spectral shift is correlated with the PL enhancement observed in AT81–83

which is attributed to a Stark-shift-like effect[240–242]. A Stark shift effect typically

arises when a quantum-confined system is exposed to an electric field along the

confinement axis [240]. In the case of the NWs, which exhibit confinement along

two axes, this phenomenon can readily occur. We propose the following mechanism:

under strong LSPR, the local electric field is enhanced, resulting in an increased

excitation cross-section and the generation of more free carriers. These carriers are

trapped at surface defects of the NWs, producing quasi-static local fields. Those

local fields thus engineer the optical modes and band structure, which further induce

a red shift in emission energy. The fields induced Stark-type shift of the emission

accounts for a fairly small red shift of about 20 meV in our case.

Figure 4.7(b) and (c) present the TRPL results. The overall recombination

dynamics remain comparable to those of the NW-only sample discussed in Section 4.3.

In the hybrid structures without deliberate optimization, neither the fast component

τ1 nor the amplitude-weighted average lifetime < τ >= A1τ1+A2τ2
A1+A2

exhibits a system-

atic correlation with the degree of PL enhancement. This indicates that Purcell-type

LDOS enhancement does not play a dominant role in the present configuration.

Taken together, these results suggest that the enhancement of the RT µPL

emission originates primarily from confined local fields rather than from lifetime

modification. The enhancement factor is dictated by the spectral overlap with the

LSPR and by the near-field distribution of the localized fields, both of which are

strongly dependent on the Mg NP size distribution.

4.5.2 µPL Characterization at 4 K for Uncoated Mg NPs

Continuing with the µPL investigation, measurements were performed at 4 K under

the same excitation conditions and on the same sample. At 4 K, the PL spectra

exhibited a variety of shapes in contrast to the Gaussian-like peak observed at

RT. This difference is attributed to the higher spectral resolution at cryogenic

temperatures and the suppression of phonon scattering, which together allow the

intrinsic mechanisms to be more clearly resolved.
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We observed more distinct spectral features, including higher emission intensity,

sharper emission lines, and pronounced inhomogeneities among different excitation

spots, consistent with the comprehensive study in Chapter 3. Notably, most of the

4 K spectra exhibit a characteristic two-peak behaviour, which can be attributed to

the typical splitting between free-exciton emission and the broader trapped-exciton

emission in low-dimensional perovskite NCs [192]. With increasing temperature,

the two peaks gradually merge and undergo a blue shift. This provides further

evidence, complementing the results in Fig. 3.7, that the modified NWs exhibit

improved luminescence, as reflected by the free-excitonic emission generated at

low fluence under cryogenic conditions.

Figure 4.8: Comparison of spectral profiles at RT and 4 K, with and without
Mg NPs. (a–b) RT PL spectra of (a) the bare NW sample and the (b) Mg–NW hybrid
structure, shown here for AT84 Mg NPs with a mean diameter of 98 nm as an example.
(c–d) 4 K PL spectra of the corresponding samples. Note that the labels ’1, 2, 3’ mark
different excitation spots within the same panel; thus, AT84 1 at RT and at 4 K do not
necessarily represent the identical spatial position.
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By presenting the peak position together with the peak intensity, a clear red shift

of the emission relative to the RT case was generally observed in Figure 4.9. This

behaviour arises from the absence of exciton activation at cryogenic temperature,

where the dominant species are localized excitons, consistent with the extensively

studied 4 K PL emission in Chapter 3. Given that the emission channels are highly

localized, the variation in the peak centre, particularly in AT82, NPs of diameter

75 nm, can be interpreted as follows: excitation above shallow states redistributes

the relative weight of the free-exciton-like emission. In cases of strong coupling,

additional emission features may arise on the blue side of the spectrum and even

dominate, thereby shifting the overall PL peak toward higher energies.

At 4 K, the enhancement of the PL intensity shows a trend similar to that

observed at RT. Stronger enhancement occurs with Mg NPs of sizes smaller than

100 nm due to favourable LSPR coupling, whereas for AT90, NPs of diameter

237 nm, the coupling is limited and energy dissipation dominates, leading to reduced

enhancement. In AT104, NPs of diameter 174 nm, an increase in PL intensity is

also observed, which can be associated with the transition of the plasmonic coupling

mechanism from dipolar to quadrupolar modes.

The TRPL spectra at 4 K all feature an elongated lifetime with significant

contribution from the trap-assisted recombinations. Within the initial ∼1–5 ns,

all samples display a prompt excitonic decay, followed by a pronounced long-tail

component extending from tens–hundreds of ns. The prompt part reflects band-edge

excitonic recombination, whereas the long tail is attributed to trapped-excitonic

(trap-mediated) emission that becomes prominent when non-radiative channels are

suppressed at cryogenic temperatures. The Mg NP-coupled samples exhibit a larger

late-time fraction than the NW-only reference, indicating stronger contributions from

localized states and interfacial environments introduced by the NPs, except for AT83,

NPs of diameter 90 nm, whose behaviour is similar to that of the NW references

and is also observed at RT. Clearly, although the PL mechanism at 4 K differs from

that at RT, plasmonic coupling still serves to increase the excitation cross section.
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Figure 4.9: 4 K measurements of the Mg–NW hybrid structure with Mg NPs
AT81–104. (a) µPL results on the hybrid structure. Blue dots: PL peak intensities
as a function of Mg NP size; red dots: spectral peak shifts with varying NP size. An
overall red-shifting compared to RT emissions was observed, indicating the transition
in PL mechanism. (b) TRPL decay curves at 4 K for all seven samples, including the
NW-only reference sample. The long lifetime component is significantly stronger at 4 K
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However, due to the limited contribution and resolution of the initial fast decay

component, the role of Purcell-enhanced radiative recombination in such hybrid

structures remains ambiguous.

In summary, Mg NPs with sizes below 100 nm are favourable for generating

plasmonic coupling, primarily through confined local electric fields arising from both

the better-matched LSPR modes and the size-dependent near-field distribution.

A maximum enhancement of 4-fold was observed at RT and 2.4-fold at 4 K,

corresponding to PL processes dominated by free-exciton recombination and by

trapped-exciton contributions, respectively. Mg NPs are promising plasmonic

materials owing to their stability under ambient conditions at RT and in air.

Although phonon interactions affect the emission at RT, the hybrid structures remain

effective and are expected to enhance the optical efficiency via plasmonic coupling.

4.6 Plamonic Core-Shell Mg NPs Enhanced Per-
ovskite NW PL at RT

4.6.1 Motivation for spacer design

Following the discussion in Chapter 3, the optimal plasmonic enhancement requires a

balance between LSPR coupling and the energy dissipation or quenching associated

with morphology. Although the self-limiting MgO shell prevents damping related to

direct metal–semiconductor contact, the shell itself is ionic in nature and prone to

the formation of surface defects or charged states, which can introduce additional

nonradiative recombination pathways. Moreover, as shown both in the previous

chapter and in literature [243, 244], the localized field is highly confined in a

dielectric spacer, and as the NP size increases, the distance dependence becomes

insensitive [244].Therefore, to enable controlled optical interactions and tunable

separation, a SiO2 coating with a thickness below 10 nm was applied.

Figure 4.10 shows the improved RT PL with the presence of coated Mg NPs AT83

(mean diameter 90 nm) and AT84 (mean diameter 98 nm), whose resonance overlaps

effectively with the NW emission. Under the same low-fluence excitation conditions,
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Figure 4.10: PL measurements on SiO2 coated Mg NPs at RT. (a) UV-Vis
absorption spectra of SiO2 coated AT83 (mean diameter 90 nm) and AT84 (mean diameter
98 nm) Mg NPs. The green shade area indicates the emission from NWs. (b–d) µPL
spectra at RT from (b) the reference and (c–d) coated Mg NPs AT83 (blue) and AT84
(red), respectively. Different color brightness in each plot represent different positions. (e)
TRPL at RT. The excitation was 7.6 MHz, with a fluence of 16.8 µJ/cm2.
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both the AT83-coated and AT84-coated samples exhibited a significant enhancement

in PL intensity. The enhancement was more pronounced for AT83, which features a

smaller NP size and consequently better spectral overlap with the LSPR, as expected.

The brightest peak in each figure, rather than a better PLQY, is more likely due to

the collective contributions from more NWs (reference) or NWs aligned to more Mg

NPs (hybrid structure). The detailed minor peak features on the blue-tail region

of the PL spectra from the hybrid structures indicate contributions from multiple

NWs. A minor blue shift observed for most cases with hybrid structures could be

due to suppression of trap state recombinations and higher carrier density induced

state filling, while occasional red shifts are attributed to local field tuning of the

optical mode and possibly band structure, as discussed above.

The TRPL decay curves again did not exhibit any significant lifetime shortening

as would be expected from a classical Purcell effect. On the contrary, an extended

lifetime was observed. We attribute this to the reduced energy loss through defect

states or other nonradiative pathways upon the introduction of coated Mg NPs.

As shown in Figure 4.10(e), the samples with coated Mg NPs (blue and red)

display a more mono-exponential decay, whereas the reference sample shows an

initial mono-exponential component for the first few ns, which we assign to free

excitons, followed by a longer tail consistent with a bi-exponential behaviour that

we previously attributed to trapped excitons. The fitted τ for the reference sample,

coated AT83 (mean diameter 90 nm) and AT84 (mean diameter 98 nm) are 14.6 ns,

14.6 ns and 20.6 ns respectively.

This can be interpreted as follows: under strong LSPR, not only is the excitation

cross section broadened, but the increased LDOS associated with the Purcell effect

enhances the probability of radiative recombination by amplifying existing optical

modes, thereby providing more available recombination pathways. Once excitons

are generated, they are more efficiently exposed to emissive channels, and the decay

dynamics reveals emission channels that were previously obscured by trap-mediated

processes. A similar situation was observed with Ag NPs at 4 K in Figure 3.17.

Thus, the longer and more stable exciton decay, although counter-intuitive in the
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context of plasmonic enhancement, indicates that plasmonic coupling not only

modifies radiative recombination but also suppresses trap-related processes, leading

to an apparently extended lifetime.

Compared to the case of uncoated Mg NPs, the application of a thin SiO2

layer further strengthens the coupling by providing an optimized spacing, such

that both mechanisms–enhanced radiative recombination and reduced nonradiative

loss–act cooperatively to improve the PL emission.

4.6.2 Comparison with Ag NPs Based Plasmonic Enhance-
ment

Mg NPs are often considered to suffer from higher Ohmic losses and therefore are

regarded as less favourable than the widely employed Ag and Au nanostructures for

plasmonic applications. To directly evaluate their relative performance, we carried

out a comparison between coated Mg NPs and Ag NPs of comparable size (80 nm),

both encapsulated with the same thickness of SiO2.

Figure 4.11 shows the comparison between Ag and Mg as plasmonic NPs

enhancing the NW PL. The spectral overlap of Ag is much more limited than that

of Mg NPs, and therefore a less enhanced PL intensity was observed. However, a

decrease in the PL counts does not necessarily mean a weaker coupling, considering

the energy loss of Mg NPs and the collective contribution of an unknown number

of NWs. In Figure 4.11(c) one can clearly note that the decay for all three hybrid

structures features more mono-exponential shape while the lifetime with Ag is

dramatically shortened due to strong LSPR that the radiative recombination rate

in this case is further enhanced.

Figure 4.11 compares the plasmonic effects of Ag and Mg NPs on the NW

emission. The spectral overlap of Ag is more limited than that of Mg, along

with a lower PL enhancement. Nevertheless, a decrease in PL intensity does

not necessarily imply weaker coupling, since energy dissipation in Mg and the

collective contribution from an unknown number of NWs must also be considered.

As shown in Fig. 4.11(c), the decay dynamics of all three hybrid structures display
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Figure 4.11: Comparison of PL enhancement by SiO2-coated Mg and Ag NPs.
(a) PL spectra of hybrid structures with SiO2-coated Mg NPs AT83 (90 nm) and AT84
(98 nm), and Ag NPs (80 nm). (b) UV–Vis absorption spectra of the corresponding metal
NPs. (c) TRPL decay curves at RT. The excitation repetition rate was 7.6 MHz with a
fluence of 16.8 µJ/cm2.

a more mono-exponential profile, while the lifetime in the Ag case is markedly

shortened. This reflects the stronger LSPR coupling in Ag, where the radiative

recombination rate is further enhanced.

Overall, these results suggest that Mg, at the cost of higher losses, provides

broader spectral overlap with more stable enhancement, whereas Ag enables stronger

field enhancement and Purcell effect.

4.6.3 Determining the Enhancement factor

The enhancement factor was determined by 2D mapping using a 405 nm pulsed

laser source at 5 µW, scanning an area of 50 µm × 50 µm with a step size of 1 µm
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in both directions. The mapping was repeated multiple times for each sample, with

one representative example shown in Figure 4.12.

Figure 4.12: 2D mapping of hybrid structures with statistical analysis. Spatial
PL mapping and the corresponding histograms of extracted bright pixels with peak
intensity for (a) NW-only, (b) NW with SiO2-coated AT83 (mean diameter 90 nm) Mg
NP, and (c) NW with SiO2-coated AT84 (mean diameter 98 nm) Mg NP samples.

To minimize the influence of NW clustering, we extracted the bright pixels

corresponding to positions with NW emission and plotted histograms of the PL

peak intensities. Spots with peak intensities lying outside the mean ± 3σ range were

excluded (for example, in AT83 the highest-intensity spot shown in Figure 4.12(b)).

By collecting all spots that presumably correspond to comparable contributions

from individual NWs in each sample, the average peak intensities were obtained.

The results show a 1.7-fold enhancement for SiO2-coated AT83 (diameter 90 nm)

and a 4.1-fold enhancement for SiO2-coated AT84 (diameter 98 nm) Mg NPs.

4.7 Conclusion and Discussion

In this chapter, we have presented an innovative study on facet–spheroid Mg

NPs as plasmonic enhancers of PL in a practical configuration. A comprehensive

demonstration of plasmon-enhanced emission from core–shell Mg NP–CsPbBr3

NW hybrid structures at RT was conducted. For Mg NPs smaller than 100 nm,
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strong coupling between their dipolar modes and the emission of improved lead

halide perovskite NWs was observed, yielding enhancement factors of 1.7-fold and

4.1-fold for SiO2-coated Mg NPs with diameters of 90 nm and 98 nm, respectively,

based on statistical analysis. The enhancement originates from both the strong

local fields and the modulation of recombination pathways, leading to brighter

and more efficient excitonic emission at RT.

The mature synthesis techniques of plasmonic Mg NPs with tunable size control

further enable the feasibility of LSPR applications ranging from the UV to the near-

IR, encompassing both dipolar and higher-order modes. Moreover, the self-limiting

oxide shell of Mg provides protection against energy dissipation and ensures the

stability of hybrid structures under ambient RT conditions.

In comparison with Ag NPs of similar core–shell configurations, the plasmonic

enhancement of Mg is limited by its intrinsically higher Ohmic losses and geometric

constraints, which restrict the plasmonic effectiveness. As the present study only

explored the effect of varying the spacer without further optimization, the maximal

enhancement has not yet been fully realized. Systematic studies on the contribution

and modulation of different recombination channels remain an important direction

for future work. Additionally, for potential on-chip nanophotonic applications,

precise geometrical design and controlled positioning of Mg NPs are also crucial

aspects for advancing device performance.

Overall, Mg has emerged as a promising plasmonic material at RT, offering an

attractive alternative to the conventional noble metals such as Ag. In addition

to its competitive plasmonic performance [214], Mg is earth-abundant and cost-

effective, making it particularly appealing for scalable and sustainable optoelectronic

technologies. These advantages, combined with its intrinsic stability provided

by the native oxide shell, highlight Mg as a practical and versatile platform

for plasmonic enhancement, opening pathways toward advanced and low-cost

nanophotonic devices.
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5.1 Chapter Introduction

This chapter discusses an alternative method to confine the optical modes and

modulate the recombination dynamics – optical nanocavities coupling to the

perovskite NPLs. Section 5.2 provides a general review of the nanocavity-mediated

light–matter interactions with emphasis on perovskite NPLs and competing emitters

for such applications. Section 5.3 details the synthesis and characterization of NPLs

with controlled layer numbers and the cavity designs employed. Sections 5.4 and 5.5

130
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report the µPL properties of uncoupled NPLs and of NPLs coupled to nanocavities,

respectively. The chapter concludes with the observed spectral modification and

outlines avenues for optimization toward applications such as single-photon sources,

where ultra-narrow emissions are preferred.

5.2 Optical Cavity Coupled PL

Optical nanocavities offer an unparalleled platform for manipulating light–matter

interactions at the nanoscale, profoundly influencing the PL properties of quantum

emitters. Structures engineered to confine electromagnetic fields within subwave-

length volumes provide powerful platforms for the precise control of light–matter

interactions. While the foundational principles of cavity quantum electrodynamics,

such as the Purcell effect, provide the theoretical framework for understanding these

interactions, the contemporary landscape of research is increasingly focused on the

practical realization of these effects through sophisticated nanocavity designs and

their integration with diverse quantum emitters. From high-quality factor (Q-factor)

dielectric photonic crystal nanocavities that enable strong coupling with single

QDs [245–247], to plasmonic nanocavities that achieve extreme sub-wavelength con-

finement and RT strong coupling with quantum emitters [248–250], the engineering

of the photonic environment has become a highly sophisticated endeavour.

Currently, the palette of quantum emitters has expanded significantly beyond

traditional semiconductor QDs, now encompassing 2D materials like transition

metal dichalcogenides (TMDs) and hexagonal boron nitride (hBN) with their unique

excitonic and spin properties [250–253], as well as the rapidly developing class of

lead halide perovskite NCs, renowned for their high PLQYs and tunable emission [34,

254, 255]. The work by Igarashi et al. investigated the correlation between single-

photon emission and the size of caesium lead bromide perovskite NCs, finding

that perovskite NPs smaller than approximately 10 nm exhibited high-probability

single-photon emissions, which decreased linearly as volume increases [256]. The

size-dependent quantum confinement effects relevant for single-photon sources are

therefore highlighted, motivating the use of thin NPLs where strong confinement is
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expected. Integrating such size-controlled perovskite NCs into nanocavities could

further optimize their single-photon emission properties, similar to how QDs are

used in photonic crystal cavities [246]. Previous work also investigated superlattices

formed by CsPbBr3 and CsPbBrI2 NCs [255]. µ-PL spectra and transients revealed

lifetimes as short as 160 ps in CsPbBr3 superlattices, 10 times lower than in thin

films, attributed to domains of near-identical NCs (1000 to 40,000 NCs) coupled by

dipole-dipole interaction. While this work focuses on self-assembled superlattices

rather than engineered nanocavities, it demonstrates the potential for collective

radiative enhancement in perovskite systems.

Motivated by these advances, our motivation is to establish a RT, lithographic

platform that couples layer-controlled CsPbI3 NPLs to dielectric nanocavities. We

aim to determine how spectral alignment, quality factor, mode volume, dipole

orientation, and loading uniformity govern the observable emitter response. A

further goal is to derive simple design rules that translate across materials and

processes, enabling compact and scalable sources for integrated photonics and

single-photon technologies.

5.3 Samples

5.3.1 CsPbI3 Nanoplatelets
Synthesis

The materials used are as follows: Lead (II) Iodide (PbI2, 99%, Sigma Aldrich), Oley-

lamine (C18H37N, 70%, Sigma Aldrich), Oleic Acid (C18H34O2, 90%, Sigma Aldrich),

caesium acetate (CH3COOCs, ≥99.99%, Sigma Aldrich), Toluene (C6H5CH3, 99.8%,

Sigma Aldrich), Hexane (C6H14, ≥95%, Sigma Aldrich).

The synthesis of CsPbI3 NPLs was carried out following a colloidal route with

separate preparation of precursor solutions.

Regarding the precursor solutions, PbI2 precursor was prepared by dissolving

46.1 mg of PbI2 in 10 mL of toluene together with 100 µL of oleylamine (OAm)

and 100 µL of OA. The mixture was stirred and heated to 60 ◦C until completely



5. PL of Perovskite Nanoplatelets Integrated with Optical Nanocavity 133

dissolved. In parallel, a Cs(oleate) stock solution was obtained by dissolving 38.9 mg

of caesium acetate in 4 mL of OA under the same conditions.

For the NPL synthesis, 2 mL of the PbI2 precursor solution was preheated at

the desired reaction temperature for 10 min under continuous stirring. A defined

volume of Cs(oleate) was then injected and allowed to react for the specified period.

The reaction mixture was purified by sequential centrifugation: first at 3000 rpm

for 3 min to collect the supernatant, followed by centrifugation at 12000 rpm for

5 min. The final precipitate was redispersed in 1 mL of hexane and filtered through

a polytetrafluoroethylene (PTFE) (0.2 µm) filter.

All NPL samples were fabricated by Prof. Robert Hoye’s group in the Department

of Chemistry, University of Oxford.

Determine the layer number

PL investigation was first conducted on determining the NPL species accessible

under the synthesizing conditions. The relationship between the PL peak centre

and the corresponding number of monolayers (MLs) is inferred from the work of

Tong et al. [257]. The summarized PL peak ranges associated with different ML

numbers are presented in Figure 5.1.

Figure 5.1: Summary of PL peak ranges for CsPbI3 NPLs with n = 3–6 MLs.
PL peak positions are inferred from Ref. [257]. A schematic illustration of NPLs with
different number of MLs is shown below.
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The recipe for the synthesis of NPL with different number of MLs by first tuning

the reaction temperature and the injected Cs(oleate) volume, after which the PL

for each mixture was directly measured without any purification. In that case,

a broader PL peak profile indicates a greater polydispersity of the NPLs. The

temperatures and Cs(oleate) volumes selected with the corresponding PL spectra

are presented in Figure 5.2. At 0 ◦C and 30 ◦C, the operable Cs(oleate) volume

window was limited to ≤ 140 µL and ≤ 120 µL, respectively, because the photoactive

α-phase could not be sustained at larger volumes. This behaviour can be attributed

to the limited capacity of the ligands to stabilize the high yield of different NPL

populations formed at these temperatures.

Figure 5.2: Normalized PL spectra of CsPbI3 NPLs synthesized at (a) 0 ◦C,
(b) 23 ◦C, (c) 40 ◦C, and (d) 60 ◦C, with the corresponding Cs(oleate) injection
volumes indicated.

In Figure 5.2, it is evident that higher synthesis temperatures and larger
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Cs(oleate) volumes lead to broader FWHM values, reflecting the presence of a richer

distribution of NPL species. Distinct populations can subsequently be isolated

through the purification procedure described above. Whilst a modest linewidth

broadening is expected from temperature-induced effects within individual NPL

ensembles, the substantially broadened PL spectra observed at elevated temperatures

signify the coexistence of multiple PL components originating from NPLs of different

thicknesses. Moreover, a pronounced spectral shift is detected at 80 µL of Cs(oleate)

at 23 ◦C, suggesting the formation of quasi-square NPLs. This blue shift can be

attributed to reduced quantum confinement together with an increased volume-to-

surface ratio in these structures [258]. Although this effect is most clearly resolved

at 23 ◦C, a similar feature is also present at 0 ◦C, whereas abrupt peak shifts are

absent at higher synthesis temperatures, indicating that the emergence of such NPL

morphologies requires specific precursor volumes under restricted conditions.

Table 5.1: Synthesis conditions for CsPbI3 NPLs with different monolayer (ML) numbers.

ML number Cs(oleate)
volume / µL

Temperature
/◦C

Reaction
time / s

n = 3 30 0 120
n = 4 85 23 180
n = 5 200 48 20
n = 6 240 60 10

It is generally expected that a larger Cs(oleate) volume promotes the formation

of thicker NPLs with higher ML numbers. At the lowest synthesis temperature,

attempts with smaller Cs(oleate) volumes resulted in negligible NPL yield after

centrifugation, indicating that ultrathin NPLs are unstable under these conditions.

At 0 ◦C, the smallest Cs(oleate) volume produced a PL peak centred around 600 nm,

corresponding to the thinnest accessible NPLs with n = 3 MLs [257]. With increasing

temperature, the PL peak progressively red-shifts, reaching a limit at 60 ◦C that

corresponds to n = 6 NPLs. Further increases in temperature could not be sustained

in solution; thus, dispersions containing NPLs with n = 3–6 MLs were accessible.

Monodisperse samples of each component were subsequently obtained by carefully
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tuning the reaction conditions and applying sequential centrifugation. The synthesis

conditions corresponding to each ML thickness are summarized in Table 5.1.

Sample characterization

Figure 5.3: TEM images of NPL with different layer numbers. The images were
collected by the group of Prof. Robert Hoye at the University of Oxford.

TEM images (Figure 5.3) confirm the successful synthesis of CsPbI3 NPLs with

controlled thickness from 3 to 6 MLs. For thinner samples (n = 3 and n = 4), the

NPLs exhibit relatively low image contrast due to their reduced thickness, while

the edges remain difficult to resolve. n = 5 and n = 6 NPLs show more distinct

square-like shapes and higher contrast, consistent with increased thickness. These

observations corroborate previous PL results, indicating the success in producing

the expected NPLs, where different distinct n values are associated with different

synthesizing conditions listed above. During the following discussion, an n = 2

NPL sample was also mentioned, particularly in Section 5.4, for comparison of the
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UV–vis spectra. This sample was synthesized by a similar process as described

above with modified parameters.

5.3.2 Optical Nanocavity
The design and fabrication of the nanocavity

Figure 5.4 presents the illustration of the nanocavities used in this work. The

cavity structures were defined as square regions of 30 × 30 µm2, patterned with

periodically arranged Si nanopillars using electron-beam lithography. Each pattern

was directly fabricated on the Si substrate, ensuring that the resonators and the

underlying base are composed of the same material. The nanopillars had a thickness

of approximately 100 nm and a period of 415 nm, introducing a lateral refractive

index modulation through the etched air sidewalls, which enables diffractive coupling

to guided-mode resonances.

Arrays with different pillar diameters were designed, denoted as A1–5 (170 nm),

B1–5 (180 nm), and C1–5 (190 nm). This all-Si configuration functions as a weakly

modulated 2D grating, where the interplay between nanopillar scattering and the

array periodicity supports narrow-band resonances near the CsPbI3 NPL emission

window, which has been reported in the literature to lie approximately between

600 and 700 nm [257]. Simulations predict the nanocavity resonance to be centred

within 600–700 nm, the same range as emission from NPLs, as will be presented

in the following sections. Experimental reflection spectra were also measured, and

the corresponding results are provided in Appendix B.1 for completeness. The

fabrication of the optical nanocavities and the simulations were carried out by Dr.

Mengyun Wang from the Department of Materials, University of Oxford.

After the optical nanocavities were fabricated, the NPL samples were diluted

to an appropriate concentration and dropcast onto the cavity surface. Although

variations in sample distribution may influence the overall PL intensity, the PL peak

profile (i.e., spectral shape) is not significantly affected, as each set of measurements

employed NPLs with the same layer number. Attempts to spin-coat the NPLs

onto the nanocavities resulted in insufficient material being retained within the
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Figure 5.4: Design and fabrication of periodically arranged Si pillar nanocav-
ities. (a) Layout of the nanocavity array, with each block consisting of a periodic
arrangement of Si pillars. The inset shows an enlarged view of block B1. The three sets
of arrays are defined as C1–5, B1–5, and A1–5, corresponding to pillar diameters of 190
nm, 180 nm, and 170 nm, respectively. (b) Schematic illustration of a single Si pillar
nanocavity. (c) Optical microscope image of the patterned arrays at 5× magnification. (d)
Optical microscope image at 100× magnification, resolving the periodic pillar arrangement
within an individual block (C5).

cavity regions, leading to very weak or even absent PL signals. This is illustrated

in Figure 5.5, where the dark circular area (expected to contain NPLs) exhibits no

detectable PL emission, in contrast to the bright PL observed from regions outside

the cavities. The weak signal near ∼ 500 nm is attributed to scattered light, as no

appreciable difference is observed between the two spectra at this wavelength.
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Figure 5.5: Spin-coated NPLs on nanocavity arrays for µPL measurements.
Inset: white-light microscope image from the µPL setup, showing the measurement region
(C5) with nanopillars of 190 nm diameter.

5.4 µPL Investigation on Nanoplatelets with Dif-
ferent Layer Numbers

The setup in the context of this chapter was the 400 Ti:Sapphire laser operating

at 7.6 MHz. For all the TRPL measurements an APD detector with 4 ps bins for

the TCSPC card was used. RT µPL investigations were first performed on the

NPL samples with different layers to precisely describe the emission properties of

NPLs without any coupling to optical nanocavities.

Figure 5.6 shows the normalized PL spectra for n =3–6 NPL samples at the

same measurement conditions. The peak centres from Gaussian fitting are 602 nm

(n = 3), 630 nm (n = 4), 652 nm (n = 5), 685 nm (n = 6), and the FWHM

24 nm, 28 nm, 46 nm and 37 nm, respectively. The narrow peaks for n = 3 and

n = 4 samples indicate the size distribution to be narrow, while the broad peaks

for thicker NPLs fabricated under higher temperatures indicate more impurities.

Specifically, the n = 4 sample shows the largest broadening, showing most the

defects and mixture of different NPL species.
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Figure 5.6: Normalized PL spectra of CsPbI3 NPLs. The µPL measurements
were performed under 400 nm excitation at a fluence of 0.17 mJ cm−2.

The tuning of the emission wavelength by varying the NPL thickness is in

good agreement with previously reported PL results [257]. The systematic shift of

the peak centre reflects the variation in the 1s excitonic energy, which is further

broadened by thermal effects, or equivalently, the change in exciton binding energy.

This behaviour can be interpreted as a manifestation of the quantum confinement

strength along the out-of-plane direction. In thinner NPLs, the stronger confinement

enhances the Coulomb interaction between electrons and holes, leading to larger

exciton binding energies and a blue-shift of the emission. In contrast, as the NPL

thickness increases, the reduced confinement weakens the binding energy, resulting

in a red shift of the excitonic transition.

The gradual change of binding energy could be further visualized by UV–Vis

absorption spectra, as in Figure 5.7. The normalized absorption spectra of CsPbI3

NPLs with different thicknesses are shown in Figure 5.7. For thin NPLs (e.g.,

n = 2 and n = 3), pronounced excitonic absorption peaks are clearly observed. As

the thickness increases (e.g., n = 4), the excitonic feature becomes broader and

gradually shifts to lower energy, consistent with a reduction in the confinement
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strength. In the thickest sample (n = 6), the distinct excitonic peak is less resolved

and the spectrum approaches that of a bulk-like perovskite, in which case only

a smooth absorption edge remains.

The excitonic transition energies can be estimated directly from the peak

positions of the absorption spectra. These show a systematic red-shift from

approximately 2.25 eV at n = 2 to below 1.90 eV at n = 6, highlighting the

crossover from strong excitonic confinement in few-monolayer NPLs to the weakly

confined regime in thicker samples.

Figure 5.7: Normalized UV–Vis absorption spectra of CsPbI3 NPLs with
different thicknesses. (a) n = 2, (b) n = 3, (c) n = 4, and (d) n = 6. Pronounced
excitonic absorption peaks are observed for thin NPLs, which gradually weaken and
broaden with increasing thickness. The n = 5 data are missing, due to the high level of
impurities in the corresponding NPLs.

X-ray diffraction (XRD) patterns of the NPLs with n = 3–6 are shown in

Figure 5.8, further support the claims above. All samples exhibit two dominant

reflections at ∼ 14◦ and ∼ 28◦, which can be indexed to the (100) and (200) planes

of the black-phase CsPbI3 perovskite lattice. For n = 3 and n = 4, multiple sharp

diffraction peaks are observed, consistent with the perovskite crystal structure
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and indicating good crystallinity. However, extra features are observed at 11.5◦,

13.5◦, and 27.1◦, suggesting the presence of minor secondary phases, potentially

related to δ-phase CsPbI3. Also, multilayer diffraction arising from relatively low

stacking disorder, as well as partial degradation products, can give rise to additional

scattering features, which are more pronounced in NPLs with smaller ML numbers.

The n = 5 sample exhibits poor diffraction contrast with strong background noise,

reflecting the high level of impurities and reduced crystalline quality, in agreement

with the absence of clear optical features in its absorption spectrum and the broad

PL emission. For n = 6, the diffraction pattern is dominated by intense reflections

around 2θ ≈ 14◦ and 28◦, characteristic of CsPbI3 NCs, where minor splitting at

2θ ≈ 14 is due to random fluctuations of the thickness.

Power-dependent TRPL were measured at 4 different excitation powers to

account for relatively low and high excitation regimes. Figure 5.9 presents the

normalized TRPL results.

The decay curves generally exhibited a trend of shorter lifetimes with increasing

excitation power. In addition, an increase in the number of layers leads to weaker

confinement and a smaller recombination rate, and thus is expected to extend the

excitonic lifetime [259]. As shown in Figure 5.9, this tendency is approximately

followed, as the n = 4 NPL exhibits a longer lifetime than n = 3, and n = 6 is

longer than n = 5. However, the lifetimes do not strictly increase with layer number

(i.e., τn=3 < τn=4 < τn=5 < τn=6), which can be attributed to the presence of defects

and impurities in thicker NPLs synthesized at higher temperatures. Moreover,

multicomponent decay behaviour is evident in all four panels. To analyse this

further, a tri-exponential decay fitting was applied to both the lowest fluence

(0.17 mJ/cm2) and the highest fluence (1.68 mJ/cm2) TRPL data. The extracted

lifetimes fall into three characteristic timescales: a fast component in the picosecond

range, an intermediate component of 1–10 ns, and a slow component above 10 ns. The

intermediate lifetimes are typically associated with excitonic recombination [260].

Specifically, at low fluence, the intermediate lifetimes are 3.49, 6.07, 3.26, and

5.38 ns for n = 3–6, respectively. Increasing the fluence to 1.68 mJ/cm2 results in a
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Figure 5.8: XRD patterns of CsPbI3 NPLs with different thicknesses. (a–d)
XRD patterns of n =3, 4, 5, and 6, respectively. The reflections marked with black *
correspond to the black-phase perovskite peaks at 14.1◦ ((100) plane) and 28.2◦ ((200)
plane). Additional features marked with orange * in panels (a) and (b) suggest the
presence of a secondary phase. The XRD data were collected by Charlie Nicholls from
the group of Prof. Robert Hoye at the University of Oxford.

reduction of these values to 1.89, 1.71, and 1.91 ns for n = 3, 4, and 6, indicating

the involvement of higher-order recombination processes in addition to first-order

channels. In contrast, the n = 5 sample exhibits a counterintuitive increase in

lifetime from 3.26 to 3.96 ns, which we attribute to a higher defect density; this

interpretation is consistent with its inferior structural and optical quality. Overall,

the observed lifetimes fall within the typical RT regime reported for perovskite

NPLs, with both NPL thickness and sample purity playing important roles in

determining the decay dynamics.
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Figure 5.9: TRPL decays of CsPbI3 NPLs with different thicknesses. (a–d)
TRPL traces of n = 3–6 NPLs measured under excitation fluences of 0.17, 0.34, 0.67, and
1.68 mJ/cm2, respectively.

5.5 µPL Investigation on Nanoplatelets Coupled
to Optical Nanocavities

Rather than relying on cavity-design optimizations, we first selected 3ML NPLs

for coupling to the nanocavities, as their excitons are the most robust at RT owing

to strong quantum confinement. Starting with 3ML samples therefore provides

the cleanest platform for observing intrinsic cavity coupling. RT µPL measures

were conducted at dropcasted n = 3 NPL onto the whole nanovacity areas, the

excitation power was controlled under 0.34 mJ/cm2 to maintain dominant single-

exciton mechanism on the PL emission. To obtain an uncoupled reference, PL

spectra were recorded at positions outside the patterned nanocavity area (see
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Figure 5.4(a)). On- and off-cavity measurements were performed on the same

chip under identical alignment, excitation, and acquisition settings, so that any

differences can be attributed to cavity coupling rather than fabrication variability.

A direct comparison is shown in Figure 5.10.

Figure 5.10: PL spectra of CsPbI3 NPLs with and without the nanocavity.

Comparing the PL spectra with and without the nanocavity clearly demonstrates

cavity-induced emission enhancement. While the emission peaks for both samples

are around 600 nm, the integrated PL intensity of the cavity-coupled nanocavity

is enhanced by more than an order of magnitude. The lack of significant spectral

shifts indicates that the cavity does not alter intrinsic exciton transitions, but

rather enhances radiative recombination efficiency by modifying the local photon

environment. A minor dip was observed in the peak profile at ∼580 nm. Careful

repeating of the PL showed that it is common to all PL peaks in this series and

remains unchanged when the excitation spot is moved. We therefore attribute

it to a spectrometer artifact rather than an intrinsic physical effect. However,

the apparent intensity enhancement could simply arise from aggregation of the

sample on the cavity surface. To address this issue, we repeated the measurement

under identical conditions. In the presence of the nanocavity, a more symmetric
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spectral lineshape was observed, consistent with mode coupling, as evidenced by

the normalized PL spectra in Figure 5.11.

Figure 5.11: Cavity-induced PL spectral shaping and spatial loading of CsPbI3
NPL. (a) Normalized PL of CsPbI3 NPLs measured on nanocavity regions of different
pillar diameters and on reference regions. (b) Simulated optical response of nanocavities
with varying pillar diameters. (c) Optical microscope images of on-cavity and off-cavity
regions; the excitation (laser) spot is indicated. The simulations shown in panel (b) were
conducted by Dr. Mengyun Wang

To emphasize spectral-shape modifications independent of intensity, the PL

spectra in Figure 5.11(a) are normalized to the peak. Upon coupling to the nanopillar

cavity, the emission peak becomes noticeably narrower and more symmetric, and

a distinct dip emerges at ∼620 nm. Quantitatively, the FWHM is reduced from

∼ 54 to ∼ 36 nm (a ∼ 33% narrowing), supporting spectrally selective outcoupling

by the cavity modes. In addition, several reproducible fine features appear on the

short-wavelength tail. These modulations exhibit clear correspondence with the
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simulated optical response in Figure 5.11(b), indicating cavity-mode filtering rather

than numerical artifacts. Consistent with this picture, optical-camera images in

Figure 5.11(c) reveal a darker shade on the cavity regions, suggesting stronger NPL

loading/aggregation, which is likely due to the resonator topography promoting

trapping during drying. This non-uniform coverage cautions against using raw

photon counts to define a universal enhancement factor. To further evaluate the

Purcell-like enhancement, TRPL measurements were conducted and the results

are presented in Figure 5.12.

Figure 5.12: TRPL of CsPbI3 NPLs on- and off-cavity. Excitation at 400 nm with
a fluence of 0.34 mJ/cm2.

Under our excitation conditions the TRPL traces are well described by a

mono-exponential decay, indicating that first-order recombination dominates. The

effective lifetimes obtained for the mono-exponential region are τno cav = 2.91 ns

and τcav = 3.12 ns, with no significant shortening observed. The absence of a

lifetime reduction suggests that the cavity-induced PL increase arises primarily

from improved excitation/collection efficiency and spectral filtering rather than a

pronounced Purcell acceleration of the radiative rate. We also note that the cavity

regions with darker sample patterns in Figure 5.11 indicate higher NPL loading,

which can introduce re-absorption and photon recycling and slightly lengthen the
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apparent decay. The cavity mainly reshapes the spectrum, while the intrinsic

recombination dynamics remain largely unchanged within experimental uncertainty.

Further experiments are required to unambiguously reveal cavity-driven modulation

of the recombination kinetics; this will likely require optimized cavity designs with

higher quality factors and smaller mode volumes, improved spectral alignment

and detuning control, and refined fabrication to suppress aggregation and reduce

spatially inhomogeneous loading and reabsorption.

5.6 Conclusion and Discussion

We demonstrated the synthesis of NPLs with precise control over the layer number.

µPL measurements reveal clear quantum-confinement effects, manifested as tunable

excitonic energies and layer-dependent recombination dynamics. We demonstrated

cavity-assisted spectral reshaping of CsPbI3 NPL emission and established a on-

and off-cavity comparison. Numerical simulations confirm spectral overlap between

the designed cavity mode and the PL band of the CsPbI3 NPLs, indicating that

the structure is appropriately tuned for coupling. Consistent with these findings,

TRPL shows mono-exponential decays with no significant lifetime shortening, while

the PL peak shape becomes more symmetric and the collected intensity increases

on the cavity. The data support a picture where excitation and collection efficiency

and spectral filtering dominate, and where Purcell acceleration of the radiative rate

is weak under the present design and loading conditions.

Future optimization should target higher Q and smaller mode volume, better

spectral alignment, and more uniform loading. Practical routes include increasing

array size to reduce edge leakage, engineering bound states, and tuning period

and pillar diameter to align the resonance with the emitter peak. Using a low-

concentration, filtered NPL dispersion, tuning the cavity surface wettability, and

depositing in multiple passes to form a uniform film could suppress aggregation,

reduce uneven loading, and limit reabsorption while preserving effective coupling.

Simulations of the LDOS and TRPL versus controlled detuning would further clarify

the role of the cavity in recombination dynamics. Hybrid dielectric–plasmonic
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cavities could combine the spectral selectivity of dielectric resonators with the deep

sub-wavelength confinement. By coupling a metal nanostructure to a dielectric

mode, the effective mode volume can be reduced while maintaining a quality factor

that typically exceeds that of purely plasmonic resonators, thereby enhancing the

radiative recombination rate of NPL excitons.

The precise control over light-matter interactions at the nanoscale is a cornerstone

for advancing quantum technologies, high-efficiency optoelectronics, and ultrasensi-

tive sensing. Prior work has shown that CsPbI3 integrated with optical microcavities

can exhibit ∼1 nm linewidths at RT to support single-photon emission [261].

Motivated by this progress, we seek to couple layer-controlled CsPbI3 NPLs to

dielectric nanocavities in order to enhance emission, control directionality, and

narrow the spectrum toward quantum-light generation, while further optimizing

the system parameters.



6

Conclusion and Outlook

The improvement of PL performance is of vital importance to optoelectronic devices,

bioimaging, lasers, and quantum optics. In recent years, perovskite nanomaterials,

especially CsPbX3 low-dimensional nanomaterials, have attracted widespread at-

tention due to their excellent optical properties. This thesis explored the interplay

between metal NPs, nanocavities and lead halide perovskite nanostructures with the

aim of manipulating and enhancing their PL properties. Specifically, I investigated

the plasmonic enhancement effects induced by Ag (Chapter 3) and Mg NPs

(Chapter 4) on CsPbBr3 NWs, and further examined nanocavity–exciton coupling in

CsPbI3 NPLs (Chapter 5). These studies collectively provide new insights into the

fundamental mechanisms of light–matter interaction in perovskite hybrid systems,

as well as their potential for photonic and optoelectronic applications.

Chapter 3 demonstrated how Ag NPs, as a typical novel metal as plasmonic

materials, owing to their strong LSPR, can efficiently enhance the PL intensity

of CsPbBr3 NWs. The enhanced near-field environment and weakened interface

energy dissipation provided by Ag NPs and a PMMA buffer layer resulted in an

8.5-fold stronger emission and modified carrier recombination dynamics at 4 K,

highlighting the importance of metal–semiconductor hybridization for perovskite

photonics. In contrast, in Chapter 4, Mg NPs showed distinctly different plasmonic

characteristics. Mg has a lower Q factor in the visible range, its less favourable

overlap with the CsPbBr3 emission spectrum led to weaker enhancement compared

to Ag; thus, a 4.1-fold enhancement was observed with SiO2-coated Mg NPs. This

150
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comparative study underlines the critical role of material selection in plasmonic

design and offers guidelines for optimizing metal–perovskite interfaces.

Chapter 5 focused on nanocavity-coupled PL emission from CsPbI3 NPLs. By

integrating the NPLs with optical cavities, modifications in emission spectra were

observed, such as enhanced PL intensity and narrowing of linewidths. These results

confirm the feasibility of controlling perovskite emission not only through external

plasmonic fields but also via photonic environment engineering. The findings

suggest that perovskite nanostructures are highly versatile platforms for achieving

tailored light emission, particularly when combined with resonant cavities that

enable stronger light–matter coupling.

These results together contribute to a deeper understanding of how plasmonic

and cavity effects can be harnessed to manipulate the optical properties of perovskite

nanostructures. From a fundamental perspective, it is established that metal NPs

and nanocavities can serve as effective external knobs for tuning perovskite PL.

Such hybrid systems are promising for the development of efficient nanoscale

light emitters with pronounced intensity enhancement, single-photon sources with

narrowed linewidths, and low-threshold nanolasers with the potential for directional

emission and improved coherence control. The work therefore bridges material design

and optical physics, opening pathways toward advanced nanophotonic devices.

Nevertheless, several limitations remain. First, the CsPbBr3 NWs employed in

this work are not perfectly uniform in morphology and exhibit relatively high surface-

to-volume ratios. As a result, a significant density of surface and internal defect

states is present, which contributes notably to the PL dynamics. These states reduce

the overall emission efficiency and obscure the underlying recombination mechanisms,

making it challenging to achieve precise control over plasmonic enhancement.

Regarding the plasmonic materials, Ag NPs provide strong enhancement owing

to their favourable resonance characteristics, but they suffer from poor stability

under ambient conditions. In contrast, Mg NPs are more stable at RT, yet their

higher intrinsic losses limit the achievable enhancement. Achieving optimal coupling

between NWs and plasmonic NPs therefore requires further optimization of the
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hybrid structure’s geometric configuration, which in turn demands more precise

sample fabrication. In particular, for Mg NPs, it is critical to not only stabilize the

plasmonic response but also effectively enhance the radiative recombination rate,

which could be directly verified by TRPL measurements. At the same time, the

reproducibility of cavity–exciton coupling effects requires more systematic studies.

Strong coupling critically depends on the precise control of cavity geometry and

NPL placement, which remain experimentally challenging.

Importantly, translating these findings into device-level demonstrations such

as perovskite NW/NPL-based LEDs and nanolasers would mark a critical step

toward real-world applications. Advances in surface passivation, encapsulation, and

composition engineering will be essential to improve the stability and durability of

these hybrid systems. Beyond materials selection, the geometry of plasmonic NPs

such as their shape, size, and crystallographic order strongly influences the LSPR,

motivating focused studies enabled by improved synthesis and precise structural

control. Furthermore, stronger exciton confinement and enhanced stability may be

achieved by reducing the dimensionality of the perovskite system, such as QDs with

smaller spatial sizes and enhanced confinement along all three dimensions, which

could provide sharper emission features and more robust excitonic behaviours.

In summary, this thesis systematically explores plasmonic enhancement and

nanocavity coupling as two effective routes to improve the PL of low-dimensional

perovskite nanostructures. The findings advance the fundamental understanding of

perovskite–plasmon–photon interactions and establish a framework for designing

cost-effective and scalable nanophotonic and optoelectronic devices.
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A

Derivation of LSPR resonance
conditions

The dielectric function of metals can be described by the Drude model [84]:

ε(ω) = 1 −
ω2

p

ω2 + iγω
, (A.1)

where ωp is the plasma frequency given by ω2
p = Ne2

ϵ0m
, γ the damping constant

with respect to the equation of motion for a damped oscillator with effective mass

m and effective charge e as

mr̈ = −mγṙ − eE, (A.2)

where E is the external electric field.

For NPs much smaller than the incident wavelength, the quasi-static approxi-

mation applies. The NP behaves effectively as a dipole with polarizability [84]

α(ω) = 4πεmR3 ε(ω) − εm

ε(ω) + 2εm

, (A.3)

where R is the radius and εm is the dielectric constant of the surrounding medium.

The extinction cross-section is then

Cext ∝ εi

(εr + 2εm)2 + ε2
i

, (A.4)

with εr and εi referring to the real and imaginary parts of ε(ω). Maximization

of Cext hence yields the resonance condition

Re{ε(ω)} = −2εm, (A.5)
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which defines the LSPR in spherical NPs. Expressed in wavelength units, this

condition gives

λmax = λp√
2n2

m + 1
, (A.6)

where λp is the plasma wavelength of the bulk metal and nm the refractive index

of the environment, as stated in Chapter 1

The Gans-Mie theory extended the formula from spherical to spheroidal [85].

The polarizability along axis i of an ellipsoid with semi-axes a, b, c is

αi = 4π

3 abc
ε − εd

εd + (ε − εd) Pi

, (A.7)

where εd is the dielectric constant of the surrounding medium and Pi is the depolar-

ization factor, depending only on the aspect ratio. For example, in prolate spheroids,

Pa = 1 − e2

e2

[ 1
2e

ln
(1 + e

1 − e

)
− 1

]
, e =

√
1 − b2

a2 , (A.8)

Pb = Pc = 1 − Pa

2 , (A.9)

where Pa + Pb + Pc = 1. The longitudinal depolarization factor Pa decreases with

increasing aspect ratio, shifting the longitudinal resonance to longer wavelengths.

This indicates the tunability of LSPR peaks in anisotropic NPs.



B

Reflection of Nanocavities

To verify the optical response of the fabricated nanocavity arrays, reflectance

measurements were also performed on samples with different nanopillar diameters.

Figure B.1 shows the experimental reflection spectra in comparison with the bare

Si substrate, a platinum-coated reference (Pt_ref), and the dark background

signal. Pronounced oscillatory features are observed in the 450–650 nm spectral

range for the patterned arrays, in contrast to the broad reflection from the bare

substrate and Pt_ref.

While the simulated spectra in Chapter 5 predict sharper and higher reflection

peaks close the PL emission from the NPLs, the experimental results display

broader and less intense features. This discrepancy arises primarily from the

idealized assumptions in the simulations, while in practice, the fabricated arrays

with finite lateral dimensions are subject to fabrication imperfections and material

losses, which together broaden the resonances and reduce their amplitude.

Nevertheless, both experiment and simulation consistently indicate the presence

of resonant features over 600 nm, overlapping with the CsPbI3 NPL emission band,

thereby validating the nanocavity design.
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Figure B.1: Reflection spectra of Si pillar nanocavities. Arrays with different
pillar diameters are shown for the A, B, and C series (A3–5: 170 nm; B3–5: 180 nm; C3–5:
190 nm), in comparison with a bare Si substrate, a platinum-coated reference (Pt_ref),
and the dark background signal. These modulations arise from guided-mode resonances
induced by the lateral index modulation, and spectrally overlap with the emission band
of CsPbI3 NPLs, confirming that the designed nanocavity arrays can provide optical
feedback near the perovskite PL wavelength. The data presented in this figure were
collected by Dr. Mengyun Wang
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