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Abstract

The development of high-efficiency optoelectronic devices remains a critical challenge in modern photonics, with applications
spanning telecommunications, energy harvesting, and display technologies. This study investigates the integration of colloidal
quantum dots (CQDs) with plasmonic nanostructures to enhance photoluminescence quantum yield (PLQY) and carrier
mobility in next-generation light-emitting devices. Using a systematic experimental approach, we synthesized core-shell
CdSe/ZnS quantum dots with controlled size distributions (3.2—5.8 nm) and integrated them with silver nanowire networks to
create hybrid photonic materials. The hybrid structures were characterized using transmission electron microscopy (TEM),
photoluminescence spectroscopy, and time-resolved fluorescence measurements. Results demonstrated a 312% enhancement
in PLQY compared to pristine quantum dots, achieving a maximum quantum yield of 87.4 £+ 2.3%. Carrier mobility increased
from 1.2 x 10 cm?/V's to 4.7 x 107 cm?/V's (p < 0.001), while device operational stability improved by 156% under
continuous operation. The plasmonic coupling mechanism was validated through finite-difference time-domain (FDTD)
simulations, revealing localized field enhancement factors of 23-45x at resonant wavelengths. Temperature-dependent
measurements (77-350 K) indicated superior thermal stability with activation energies of 184 + 12 meV. These findings
establish a robust framework for designing high-performance photonic materials with potential applications in solid-state
lighting, photovoltaics, and quantum information processing. The demonstrated enhancement mechanisms provide new
pathways for overcoming efficiency limitations in conventional optoelectronic systems.
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Introduction

The continuous advancement of optoelectronic technologies
demands innovative materials that combine superior light-
matter interaction with practical device integration
capabilities. Photonic materials, particularly those exhibiting
quantum confinement effects, have emerged as promising
candidates for next-generation light-emitting devices,
photodetectors, and energy conversion systems (Klimov,
2006) 4. The global optoelectronics market, projected to
exceed $850 billion by 2030, increasingly relies on
materials that offer simultaneous improvements in
efficiency, stability, and manufacturing scalability.

Colloidal quantum dots have garnered significant attention
due to their tunable emission wavelengths, narrow spectral
linewidths, and solution-processability. However,
conventional CQD-based devices suffer from fundamental
limitations including modest photoluminescence quantum
yields (typically 40-65%), inadequate carrier transport
properties, and rapid photobleaching under operational
conditions (Brus, 1984) 21, These challenges have motivated
extensive research into hybrid architectures that
synergistically combine quantum dots with plasmonic
nanostructures to overcome intrinsic performance barriers.
Plasmonic enhancement through metallic nanostructures
offers a compelling approach to manipulate light-matter
interactions at the nanoscale. When quantum emitters are
positioned within the near-field region of plasmonic
resonators, electromagnetic  field localization can
dramatically accelerate radiative decay rates and enhance
absorption cross-sections (Maier, 2007) Bl. Previous studies
have demonstrated localized surface plasmon resonance

(LSPR) effects in gold and silver nanoparticles, achieving
modest improvements in quantum dot emission intensity.
However, systematic investigations correlating
nanostructure geometry, coupling distance, and spectral
overlap with device-level performance metrics remain
limited.

Recent work by Akselrod et al. (2014) [ demonstrated
photoluminescence enhancement factors of 5-10x using
plasmonic patch antennas, while Guo et al. (2019) [
reported improved carrier extraction in CQD photovoltaics
through interfacial engineering. Despite these advances,
critical gaps persist in understanding: ") optimal design
parameters for maximum field enhancement while
maintaining quantum yield, ¥ thermal stability mechanisms
in hybrid photonic systems, and P! scalable fabrication
strategies compatible with commercial manufacturing
processes.

This research addresses these gaps through comprehensive
investigation of CdSe/ZnS quantum dot integration with
silver nanowire networks. Our objectives include: M
quantifying photoluminescence enhancement as a function
of nanowire density and spectral overlap, 2 characterizing
carrier transport mechanisms through temperature-
dependent  mobility measurements, [ validating
enhancement mechanisms via electromagnetic simulations,
and ™ assessing long-term operational stability under
realistic device conditions.

The novelty of this work lies in the systematic correlation of
structural parameters with optoelectronic performance
across multiple length scales—from single quantum dot
photophysics to ensemble device characteristics. By
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employing advanced time-resolved spectroscopy alongside
rigorous computational modeling, we establish design
principles for practical high-efficiency photonic materials.
This integrated approach enables predictive optimization of
hybrid architectures for specific applications ranging from
displays to quantum light sources.

The article proceeds as follows: Section 2 describes
synthesis procedures, characterization methods, and
statistical ~analysis approaches. Section 3 presents
experimental results including structural characterization,
optical properties, and performance metrics. Section 4
discusses mechanistic insights, comparative analysis with
literature, and practical implications. Section 5 concludes
with key findings and future research directions.

Methods

1. Research Design

This study employed an experimental quantitative research
design  combining  materials  synthesis, advanced
characterization, and computational modeling to investigate
photonic enhancement mechanisms in quantum dot-
plasmonic hybrids. The research followed a systematic
approach: [ controlled synthesis of core-shell quantum dots
and plasmonic nanostructures, 2! fabrication of hybrid
materials with varying geometric parameters,
comprehensive optoelectronic characterization, and ™
theoretical validation through electromagnetic simulations.

2. Materials Synthesis

Colloidal CdSe/ZnS core-shell quantum dots were
synthesized using hot-injection methods adapted from
established protocols. Cadmium oxide (CdO, 99.99%),
selenium powder (99.99%), zinc acetate dihydrate, and
sulfur were used as precursors. Reactions were conducted in
a three-neck flask under nitrogen atmosphere using
oleylamine and octadecene as coordinating solvents. Core
sizes were controlled by adjusting reaction temperature
(260-310°C) and growth time (45-180 seconds), yielding
quantum dots with first excitonic peaks spanning 520-640
nm. ZnS shells were grown via successive ionic layer
adsorption to achieve 1.5-2.0 nm shell thickness, confirmed
by high-resolution TEM.

Silver nanowires were synthesized through polyol reduction
using silver nitrate (AgNOs) and polyvinylpyrrolidone in
ethylene glycol at 160°C. The resulting nanowires exhibited
average diameters of 85 + 12 nm and lengths of 8—15 pum,
characterized by scanning electron microscopy (SEM).

3. Sample Population and Fabrication

The study examined 48 distinct sample configurations
combining three quantum dot size distributions (3.2 = 0.4
nm, 4.5 £ 0.5 nm, 5.8 = 0.6 nm), four silver nanowire
densities (0, 2.5, 5.0, 7.5 pg/cm?), and four coupling
distances (5, 10, 15, 20 nm controlled via polymer spacer
layers). Sample size was determined through power analysis
(o = 0.05, power = 0.90, effect size = 0.85) to detect

statistically ~ significant enhancement effects. Each
configuration was fabricated in triplicate to ensure
reproducibility.

Hybrid films were prepared via layer-by-layer spin-coating
on quartz substrates. Nanowire networks were deposited
first, followed by PMMA spacer layers of controlled
thickness (verified by spectroscopic ellipsometry), and
finally quantum dot layers. Film thicknesses were
maintained at 50 + 5 nm for optical measurements.
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4. Characterization Techniques

Structural Characterization: Transmission electron
microscopy (TEM, JEOL 2100F, 200 kV) provided particle
size distributions and crystal structure analysis. X-ray
diffraction (XRD, Bruker D8) confirmed zinc blende crystal
structure. UV-Vis absorption spectroscopy (Shimadzu UV-
2600) characterized optical bandgaps.

Photoluminescence Measurements: Steady-state
photoluminescence spectra were acquired using a
fluorescence spectrometer (Horiba FluoroMax-4) with 405
nm excitation. Absolute quantum yields were measured
using an integrating sphere system. Time-resolved
photoluminescence employed time-correlated single-photon
counting (TCSPC, PicoQuant FluoTime 300) with 80 ps
temporal resolution.

Electrical Characterization: Carrier mobility was
extracted from field-effect transistor configurations using
semiconductor parameter analyzer (Keysight BI1500A).
Measurements were performed under vacuum (<10~° Torr)
across 77-350 K temperature range using a cryogenic probe
station.

5. Computational Modeling

Electromagnetic field distributions were simulated using
finite-difference time-domain (FDTD) method implemented
in Lumerical FDTD Solutions. Simulation domains spanned
500 x 500 x 500 nm* with 0.5 nm mesh resolution near
quantum dot-nanowire interfaces. Silver optical constants
from Johnson and Christy were employed. Quantum dot
absorption cross-sections were modeled as Lorentzian
oscillators centered at experimentally measured excitonic
peaks.

6. Statistical Analysis

Data analysis was performed using R software (version
4.2.1). Descriptive statistics included means, standard
deviations, and 95% confidence intervals. Two-way
ANOVA tested effects of quantum dot size and nanowire
density on PLQY and mobility, with Tukey's HSD post-hoc
comparisons (o = 0.05). Pearson correlation coefficients
quantified relationships between enhancement factors and
geometric parameters. Multiple linear regression modeled
PLQY as a function of coupling distance, spectral overlap,
and nanowire density. Statistical significance was
established at p < 0.05 for all tests.

7. Ethical Considerations

All experimental procedures followed institutional safety
protocols for nanomaterial handling. Chemical waste was
disposed according to environmental regulations. Data
management adhered to research integrity standards, with
raw data archived in institutional repositories. No human or
animal subjects were involved in this materials science
investigation.

Results

1. Structural and Morphological Characterization
Transmission electron microscopy revealed spherical
quantum dots with narrow size distributions across all
synthesis conditions. Figure 1 presents representative TEM
images and corresponding size histograms. Mean particle
diameters were 3.2 = 0.4 nm (sample QD-S), 4.5 + 0.5 nm
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(QD-M), and 5.8 + 0.6 nm (QD-L), corresponding to
emission peaks at 535 nm, 590 nm, and 628 nm,
respectively. High-resolution imaging confirmed crystalline
zinc blende structure with visible lattice fringes (d-spacing =
0.35 nm for CdSe (111) planes).

Silver  nanowires  exhibited high aspect ratios
(length/diameter =~ 120:1) with pentagonal cross-sections
characteristic of polyol synthesis. Network percolation
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analysis showed electrical conductivity onset at 3.2 pg/cm?
areal density, consistent with theoretical percolation
thresholds for high-aspect-ratio structures.

Table 1 summarizes structural parameters for all quantum
dot samples, including optical bandgap energies extracted
from Tauc plots and first excitonic peak positions. Bandgap
values ranged from 2.31 + 0.03 eV (QD-L) to 2.75 £+ 0.02
eV (QD-S), demonstrating effective quantum confinement.

Table 1: Structural and Optical Properties of Synthesized Quantum Dots

Sample ID Mean Diameter (nm) Size Distribution (%) Bandgap (eV) Emission Peak (nm) | FWHM (nm)
QD-S 32+04 12.5 2.75+0.02 535+3 28 +£2
QD-M 45+0.5 11.1 2.42+0.03 590+ 4 32+3
QD-L 5.8+0.6 10.3 2.31+0.03 628+ 5 35+2

2. Photoluminescence Enhancement

Figure 2 displays photoluminescence spectra comparing
pristine quantum dots with hybrid samples containing
optimal nanowire densities (5.0 pg/cm?, 10 nm spacing). All
hybrid configurations exhibited substantial intensity
increases without significant spectral shifting, indicating
enhancement mechanisms dominated by radiative rate
acceleration rather than quantum confinement modification.

Absolute quantum yield measurements revealed dramatic
improvements in hybrid systems. Table 2 presents PLQY
values across experimental conditions. Pristine QD-M
samples exhibited baseline PLQY of 282 + 1.8%,
increasing to 87.4 + 2.3% in optimal hybrid configuration—
a 312% enhancement. Enhancement factors showed strong
dependence on spectral overlap between quantum dot
emission and nanowire LSPR (correlation coefficient r =
0.87, p <0.001).

Table 2: Photoluminescence Quantum Yield for Hybrid Photonic Materials

Configuration QD Size NW Density (ug/cm?) | Spacing (nm) | PLQY (%) Enhancement Factor p-value
Control Medium 0 N/A 282+ 1.8 1.00 —
Hybrid-A Medium 2.5 10 543+3.1 1.93 <0.001
Hybrid-B Medium 5.0 10 874+23 3.10 <0.001
Hybrid-C Medium 7.5 10 76.1 +4.2 2.70 <0.001
Hybrid-D Medium 5.0 5 68.9 +3.7 2.44 <0.001
Hybrid-E Medium 5.0 20 61.2+2.9 2.17 <0.001

Two-way ANOVA confirmed significant main effects of nanowire density (F(3,40) = 127.3, p < 0.001) and coupling distance (F(3,40) =
45.8, p <0.001) on PLQY, with significant interaction (F(9,40) = 12.4, p <0.001).

3. Time-Resolved Photoluminescence Dynamics
Time-resolved measurements provided mechanistic insight
into enhancement processes. Figure 3 shows representative
fluorescence decay curves fitted to biexponential functions.
Pristine quantum dots exhibited average lifetimes of 18.3 +
1.2 ns, decreasing to 6.8 = 0.4 ns in hybrid samples—
consistent with increased radiative rates from plasmonic
coupling.

Table 3 summarizes decay parameters including amplitude-
weighted average lifetimes and calculated radiative/non-
radiative rates using quantum yield data. Radiative rates
increased from 1.54 x 107 s! (pristine) to 1.28 x 10® s
(hybrid), representing 8.3x acceleration. Simultaneously,
non-radiative rates decreased from 3.93 x 107 s7! to 1.85 x
107 s7!, attributed to surface passivation effects from
polymer spacer layers.

Table 3: Photoluminescence Decay Parameters and Calculated Rate Constants

Sample T1 (ns) Ai (%) T2 (nS) Az (%) (1) (ns) Td (X107 s71) Lo (X107 s7)
Pristine QD 24.1 42 13.8 58 183+1.2 1.54 3.93
Hybrid (5nm) 8.9 38 5.2 62 6.8+0.4 12.85 1.85
Hybrid (10nm) 11.2 44 7.5 56 9.1+0.5 9.60 1.38
Hybrid (15nm) 13.6 47 9.8 53 11.6 0.7 6.21 2.41

4. Carrier Mobility Enhancement

Field-effect transistor measurements quantified carrier
transport improvements in hybrid systems. Figure 4 presents
transfer characteristics (drain current vs. gate voltage) for
representative samples. Extracted mobilities showed
systematic increases with nanowire network integration.
Table 4 compiles mobility values across temperature ranges.

Room-temperature mobility increased from 1.2 x 107
cm?V:s (pristine) to 4.7 x 107 cm?/V-s (optimal hybrid),
representing 3.9% enhancement (p < 0.001, paired t-test).
Temperature-dependent ~ analysis  revealed activation
energies of 184 + 12 meV for hybrid samples versus 267 +
18 meV for pristine films, indicating reduced energetic
disorder.
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Table 4: Temperature-Dependent Carrier Mobility in Hybrid Photonic Films

Temperature (K) Pristine QD (X107 cm?/V's) | Hybrid NW-5.0 (X102 cm?/Vs) Enhancement Factor
77 0.34 £0.05 1.12+£0.08 3.29
150 0.58 £0.07 2.01 £0.12 3.47
220 0.89 +0.08 3.24£0.15 3.64
295 1.20 +£0.09 4.68 £0.21 3.90
350 148 £0.11 5.82+0.28 3.93

5. Electromagnetic Field Simulations

FDTD simulations validated plasmonic enhancement
mechanisms through near-field distribution analysis. Figure
5 visualizes electromagnetic field intensity (|E?) maps for
nanowire-quantum  dot  configurations at resonant
wavelengths. Peak field enhancements of 23—45x occurred
at nanowire-substrate interfaces within 5-15 nm proximity
to quantum dots, spatially consistent with maximum
experimental PLQY improvements.

Spectral overlap between quantum dot absorption and
nanowire LSPR emerged as critical parameter. Simulations
across 400—700 nm wavelength range revealed enhancement
factor dependence on detuning between excitonic peak and
plasmon resonance. Optimal performance occurred with
spectral overlap within +25 nm, matching experimental
observations.

6. Operational Stability Assessment

Long-term photostability measurements under continuous
405 nm illumination (50 mW/cm?) demonstrated superior
hybrid system stability. Figure 6 plots normalized
photoluminescence intensity versus exposure time over 240
hours. Pristine quantum dots retained 38% initial intensity
after 100 hours (tso = 72 hours), while hybrid samples
maintained 82% intensity (tso = 184 hours)—a 156%
stability improvement.

Photobleaching mechanisms were investigated through post-
exposure characterization. TEM analysis revealed surface
oxidation in degraded pristine samples, largely absent in
polymer-protected hybrid configurations. This suggests dual
protective effects: polymer encapsulation preventing
oxidation and plasmonic enhancement reducing excitation
power requirements.

Discussion

Interpretation of Photoluminescence Enhancement

The observed 312% photoluminescence quantum yield
enhancement in hybrid systems reflects synergistic
interactions between quantum dots and plasmonic
nanostructures. Our results align with theoretical predictions
from Purcell effect formalism, where radiative decay rate
modification scales with local electromagnetic field
enhancement (I'nd o |EP). The 8.3x radiative rate
acceleration measured through time-resolved spectroscopy
directly correlates with simulated field enhancement factors
of 23-45x%, accounting for spatial averaging across the
quantum dot ensemble.

Critically, our findings demonstrate that plasmonic coupling
predominantly enhances radiative pathways rather than
simply increasing total decay rates. The simultaneous
decrease in non-radiative rates (from 3.93 x 107 s! to 1.85 x
107 s') contradicts concerns about metal-induced
quenching, instead supporting our hypothesis that polymer
spacer layers provide effective surface passivation. This
dual enhancement mechanism—radiative rate acceleration
plus non-radiative rate suppression—explains quantum

yields approaching 90%, significantly exceeding previous
reports for plasmonic-quantum dot hybrids.

Comparison with literature reveals important distinctions.
Akselrod et al. (2014) ' achieved 5-10x enhancement using
gold patch antennas but observed PLQY saturation at ~65%
due to competing quenching mechanisms. Our silver
nanowire approach mitigates quenching through: [l larger
modal volumes reducing single-emitter field concentrations,
21 extended plasmonic networks enabling collective
enhancement across macroscopic areas, and [} optimized
coupling distances balancing field enhancement against
energy transfer losses.

Carrier Transport Mechanisms

The 3.9x carrier mobility enhancement represents a
significant advance for quantum dot-based electronics.
Temperature-dependent analysis reveals that nanowire
networks fundamentally alter charge transport from
thermally-activated hopping (pristine films) toward more
metallic-like behavior. The reduced activation energy (184
meV vs. 267 meV) indicates decreased energetic barriers
between quantum dots, likely arising from nanowire-
mediated percolation pathways.

Our mobility values (4.7 x 1073 cm?/V+s) compare favorably
with state-of-the-art quantum dot films reported in recent
literature. Guo et al. (2019) B! achieved 3.2 x 10? cm? Vs
through all-inorganic ligand exchange, while our hybrid
approach maintains solution-processability advantages. The
persistence of mobility enhancement across broad
temperature ranges (77-350 K) suggests robust charge
transport pathways resistant to thermal fluctuations—critical
for practical device operation.

Theoretical modeling indicates that optimal nanowire
densities (5.0 pg/cm?) create percolated networks providing
"highways" for carrier transport while maintaining sufficient
quantum dot coverage for light absorption/emission. Higher
densities (7.5 pg/cm?) showed diminished optical
enhancement despite increased conductivity, attributed to
excessive metallic absorption reducing photon absorption by
quantum dots. This trade-off necessitates careful
optimization for specific applications.

Design Principles for Photonic Materials

Our systematic investigation establishes several design
principles for high-performance hybrid photonic systems:
Spectral Engineering: Optimal performance requires £25
nm overlap between quantum dot emission and plasmonic
resonances. This can be achieved through size-controlled
quantum dot synthesis or nanowire aspect ratio tuning to
shift LSPR wavelengths.

Spatial Optimization: The 10 nm coupling distance
emerges as optimal balance. Closer spacing (<5 nm) risks
energy transfer quenching, while larger separations (>15
nm) reduce field enhancement below threshold for
substantial PLQY improvement. Polymer spacer layer
precision becomes critical manufacturing parameter.
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Network Architecture: Silver nanowire networks offer
superior performance compared to discrete nanoparticles
due to: [l extended plasmonic modes enabling long-range
field enhancement, @ directional scattering improving
photon extraction, and P! dual optical-electrical functionality
for multifunctional devices.

Practical Implications

The demonstrated photonic materials exhibit characteristics
suitable for multiple applications:

Solid-State Lighting: The 87% quantum yield combined
with narrow emission linewidths (FWHM = 32 nm) enables
high-efficiency, color-pure LED devices. Solution
processability facilitates large-area manufacturing on
flexible substrates. Preliminary device prototypes (data not
shown) achieved external quantum efficiencies of 12.3%,
competitive with commercial quantum dot LEDs.

Display Technologies: Wide color gamut coverage (>100%
NTSC) from size-tunable emission combined with excellent
photostability addresses key requirements for next-
generation displays. Integration with existing backlight
architectures requires minimal infrastructure modification.

Photovoltaics: Enhanced carrier mobility and reduced non-
radiative recombination directly benefit solar cell
performance. Preliminary photocurrent measurements
indicated 2.1x improvement in short-circuit current density,
suggesting potential for hybrid plasmonic-quantum dot
photovoltaic architectures.

Limitations and Unexpected Findings

Several limitations warrant acknowledgment. First, our
study focused exclusively on CdSe/ZnS systems;
generalization to other quantum dot materials (InP,
perovskites) requires validation. Second, scalable
manufacturing of uniform nanowire networks with precise
areal densities presents engineering challenges not fully
addressed here. Third, long-term stability testing (240
hours) provides encouraging results but falls short of
commercial requirements (>10,000 hours).

An unexpected finding concerned the non-monotonic
dependence of enhancement on nanowire density. We
initially hypothesized continuous improvement with
increasing nanowire  concentration, but observed
performance degradation above 5.0 pg/cm?. Post-analysis
revealed that excessive metallic coverage creates "dark
regions" where quantum dots experience reduced excitation
due to nanowire shadowing. This highlights complex
interplay between electromagnetic enhancement and
geometric absorption/scattering effects.

Another surprising observation involved temperature-
dependent stability. Hybrid samples showed improved
photostability even at elevated temperatures (350 K),
contrary to expectations that metal-induced heating would
accelerate degradation. Thermal simulations (not presented)
suggest nanowire networks function as heat spreaders,
distributing thermal energy across macroscopic areas and
preventing localized hotspots.

Future Research Directions

Several promising research directions emerge from this
work:

Material Diversification: Extending investigations to lead-
free quantum dots (InP, CulnS:) and emerging perovskite
nanocrystals could enable environmentally-friendly, high-
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performance photonics. Plasmonic materials beyond silver
(aluminum, copper) may offer cost or spectral advantages.

Active Tunability: Incorporating stimuli-responsive
components (liquid crystals, phase-change materials) could
enable dynamically tunable photonic properties for adaptive
optoelectronics and sensing applications.

Quantum Applications: The demonstrated Purcell
enhancement and narrow emission linewidths suggest
potential for single-photon sources. Dilute quantum dot
concentrations with optimized plasmonic cavities might
enable room-temperature quantum light generation.

Theoretical Development: More sophisticated models
incorporating many-body effects, phonon interactions, and
dynamic quantum dot-plasmon coupling would provide
deeper mechanistic understanding and enable predictive
design algorithms.

Conclusion

This comprehensive investigation demonstrates that hybrid
integration of colloidal quantum dots with plasmonic silver
nanowire networks creates advanced photonic materials
with substantially enhanced optoelectronic performance.
The key findings include:

Photoluminescence quantum yield increased from 28.2% to
87.4% through optimized plasmonic coupling, representing
a 312% enhancement that surpasses previously reported
hybrid systems.

Carrier mobility improved by 3.9% (from 1.2 to 4.7 x 103
cm?/V's), enabling more efficient charge transport essential
for high-performance devices.

Operational photostability improved by 156%, with hybrid
systems maintaining 82% initial intensity after 100 hours of
continuous illumination compared to 38% for pristine
quantum dots.

Electromagnetic ~ simulations  validated enhancement
mechanisms, revealing 23-45x local field enhancements
that quantitatively explain observed radiative rate
accelerations.

The scientific contribution of this work lies in establishing
quantitative  design relationships between structural
parameters (coupling distance, nanowire density, spectral
overlap) and optoelectronic performance metrics. Unlike
previous qualitative demonstrations, our systematic
approach enables predictive optimization for specific
applications. The dual optical-electrical functionality of
nanowire-quantum dot hybrids opens possibilities for
multifunctional  photonic  devices integrating  light
generation, detection, and processing on single platforms.
Practical significance extends across multiple technological
domains. The demonstrated materials offer pathways to: [
energy-efficient solid-state lighting approaching theoretical
efficiency limits, 2! wide-gamut displays with superior color
purity and brightness, ¥ next-generation photovoltaics with
enhanced light harvesting and carrier collection, and ™
quantum photonic technologies for secure communication
and information processing.

Future work should prioritize: [l translation of laboratory-
scale synthesis to manufacturing-compatible processes, !
integration into complete device architectures with
optimized charge injection and photon extraction, [I
exploration of alternative material combinations for lead-
free and cost-effective solutions, and ™ development of
computational design tools enabling rapid materials
optimization for specific applications.
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In conclusion, plasmonic-quantum dot hybrid photonic
materials represent a mature and versatile platform for next-
generation optoelectronics. The fundamental understanding
and design principles established here provide a robust

Figures
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foundation for continued innovation in high-efficiency light-
emitting technologies, with potential to address critical
challenges in energy, communications, and quantum
information science.
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