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Remarkable Plasmonic Enhanced Luminescence of
Ce**doped Lanthanide Downconversion Nanoparticles in
NIR-Il Window by Silver Hole-Cap Nanoarrays

Jiamin Xu, Ming Fu, Yao Lu, Anthony Centeno, Jingdong Xu, Xiaofei Xiao, Qiyu Zhang,
Koen Evers, Yunfan Xu, Rico Lim, Changxu Liu, Stefan A Maier, Rupert Oulton,

Mary P Ryan, and Fang Xie*

Lanthanide downconversion nanoparticles (DCNPs) have huge potential in
biosensing and imaging applications in the NIR-1l window. However, DCNPs
inherently suffer from low quantum efficiency, due to low absorption cross-
section and the restricted doping concentration of lanthanide ions. In this work,
a combined strategy for downconversion luminescence in the NIR-1l window is
investigated by the integration of Ce** ions into the conventional NaYF,: Yb**,
Er** DCNPs and incorporation of periodic silver hole-cap coupled Nanoarrays
(Ag-HCNAs) simultaneously. Over two orders of magnitude, luminescence
enhancement is achieved by the combination of optimized Ce** doping

and plasmonic effects, compared to NaYF,: Yb**, Er** DCNPs immobilized
on the glass substrate. Moreover, 3D Finite-Difference Time-Domain (FDTD)
simulations and time-resolved luminescence measurements are combined to
gain important insights into the mechanism of downconversion luminescence
enhancement. The results show that there is a large electric field enhancement
between the Ag nanoholes and the Ag hemisphere cap at 980 nm

(excitation enhancement), while the lifetime shortening at 1525 nm revealed
an increased radiative decay rate and enhanced quantum yield (emission rate
enhancement). The strategy for downconversion luminescence enhancement
demonstrated in this work holds a significant potential for advancing the next
generation biosensing and bioimaging based on DCNPs in the NIR-11 window.

1. Introduction

Lanthanide-doped downconversion nano-
particles (DCNPs) are currently at the fore-
front of research, especially in the field
of molecular sensing, biomedical imag-
ing, and theranostics, owing to their re-
markable luminescent properties within
the second near-infrared (NIR-II, 1000-
1700 nm) biological window.'®] Lumines-
cence within the NIR-II region offers nu-
merous advantages, including reduced scat-
tering, reduced absorption, lower phototox-
icity, and minimal autofluorescence origi-
nating from biological tissues and/or me-
dia, which empowers the generation of
bright fluorescent signal through deep-
tissue in a minimal invasive approach.
The NIR-II fluorescent signal transcends
the limitations of visible (380-700 nm)
and NIR-I regions (780-1000 nm), allow-
ing for high spatial resolution imaging or
detection sensitivity both in vivo and ex
vivo.[>11] On the other hand, DCNPs exhibit
a large Stokes shift accompanied by sharp
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emission bands, which enables the efficient separation of excita-
tion and emission wavelengths. Consequently, the signal-to-noise
ratio could be dramatically improved.

Typically, DCNPs consist of a low-phonon energy host lattice
and a combination of sensitizer and activator lanthanide ions.
By selecting different lanthanide types, a range of sensitizer-
activator pairs can be formed, allowing control over energy
transfer processes and the resulting absorption and emission
features across the visible NIR-II regions. However, practical
applications of NIR-II emitting DCNPs are hindered by their
inherent low quantum yields. This limitation is primarily at-
tributed to the partially forbidden 4f-4f electronic transitions of
lanthanide ions within a host lattice, leading to a narrow band
of absorption.'>3] Furthermore, energy transfer pathways be-
tween sensitizer-activator pairs give rise to two categories of lu-
minescence: upconversion luminescence (UCL) and downcon-
version luminescence (DCL).'*1%] Regarding the use of DCNPs
in biological applications in vivo or in vitro, NIR-II DCL should
dominate over the other forms of luminescence. However, the
presence of UCL in the visible region and DCL in the NIR-II
window results in competition within DCNPs, further reduc-
ing the efficiency of NIR-II emission. Despite this, researchers
have found a viable approach to enhance the population of elec-
trons into a specific energy state, thereby contributing to NIR-
II DCL, while suppressing the UCL processes. Zhai et al. re-
ported that the introduction of 2% Ce** ions into cubic-phase
NaYF,:20%Yb**,2%Er** resulted in an enhancement of emis-
sion at 1525 nm, albeit at the expense of suppressing all other
UCL emissions.['”] A similar outcome was also observed by
Zhong et al., who reported that the incorporation of 2% Ce** ions
in NaYbF,: 2%Er** nanoparticles resulted in increased 1550 nm
emission by up to 9-fold.*®! Plasmonic modulation provides an
alternative novel approach to amplify emitting photons from lu-
minescent probes, such as dyes,1*?°l quantum dots,!?-?*) and up-
conversion nanoparticles,[?*-2% by coupling them with plasmonic
nanostructures. The resulting fluorescence enhancement can be
attributed to two main factors. First, excitation enhancement, oc-
curs when the fluorophores experience a strong localized electric
field across the surface of the plasmonic antenna, thereby accel-
erating the excitation rate.?”28] Second, emission enhancement,
which arises from an acceleration of radiative decay rate when
the LSPR of an antenna closely matches the emission band of
the luminescent probes, leads to a decrease in their lifetime and
an increase in quantum yield.[-3%]

The utilization of a plasmonic platform to amplify NIR-II DCL
from DCNPs is relatively scarce.*?] In the domain of biosensing
applications, especially in the context of metal-enhanced fluores-
cence (MEF) based immunoassays,*?] fluorescent probes must
form a resilient attachment onto the plasmonic substrate. This
attachment is facilitated by a self-assembled monolayer (SAM)
of molecular spacers, ensuring stability even after undergoing
multiple rounds of washing steps.3*°! Earlier investigations
into fluorescence immunoassays have revealed a significant lim-
itation in the Limit of Detection (LOD) of traditional dyes like
Rhodamine, Fluorescein isothiocyanate, or cyanine. This limi-
tation stems from adverse background signals induced by fluc-
tuations in light intensity, autofluorescence, sample complexity,
and electronic features throughout the measurement process.¢!
These optical noises limit detection sensitivity and introduce ex-
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perimental errors. In contrast, the adoption of NIR-II emissive
immunoassay platforms can mitigate these unwelcome back-
ground noises and improve the sensitivity and accuracy of de-
tection targets.[’’73%] Therefore, a systematic exploration that in-
corporates the application of a monolayer of DCNPs onto a plas-
monic substrate holds substantial promise. This approach not
only enables the optimization of the enhancement factor by ma-
nipulating the plasmonic effect but also paves the way for poten-
tial advancements in MEF-based immunoassay research using
NIR-II emitting DCNPs.

In this work, we successfully immobilized a sub-monolayer of
polyacrylic acid (PAA) functionalized DCNPs. This was achieved
through a robust amide bond to conjugate them with the bi-
functional thiol-PEG-amine polymeric dielectric layer pre-grafted
onto the Ag hole-cap coupled nanoarrays (Ag-HCNA). 3D Ag-
HCNA with finely controlled extinction features were fabricated
using a simple yet robust colloidal lithography method,*%! illus-
trated in Scheme 1. Initially, the PS spheres’ self-assembled film
was shrunk to enable the deposition of a metallic layer on the
glass gaps between adjacent PS spheres, as well as on the upper
hemispheres of PS spheres. Furthermore, we systematically in-
vestigated a combined effect of Ce** dopants and plasmonic mod-
ulation to increase the NIR-II emission of DCNPs. To achieve
this, two types of DCNPs, NaYF,:20%Yb>", 2%Er**, 10%Ce*t,
and NaYF,:20%Yb**, 2%Er*", were deposited onto the Ag-HCNA
film. When excited at 980 nm, a remarkable 25-fold enhancement
was observed at 1525 nm, corresponding to Er** emission, in
Ce** doped DCNPs, coupled with Ag-HCNA, exhibiting an op-
timal spectral overlap.

2. Experimental Section

2.1. Chemicals and Materials

Sodium hydroxide (NaOH, >98%), Erbium(III) acetate hydrate
(99.9%), Ytterbium(I1I) acetate tetrahydrate (99.9%), Yttrium(ILI)
acetate hydrate (99.9%), Cerium(III) acetate hydrate (99.9%),
Gadolinium(III) acetate hydrate (99.9%), Neodymium(III) ac-
etate hydrate (99.9%), Ammonium fluoride (NH,F, 96%), Cy-
clohexane (99.5%), Oleic acid (OA, 90%), and 1-Octadecene
(ODE, 90%), Poly(acrylic acid) (PAA), methanol (>99.9%), Silicon
wafers, and Sodium dodecyl sulfate (SDS, >99.0%), phosphate
buffered saline (PBS), 2-(N-morpholino)ethanesulfonic acid hy-
drate (MES), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC), n-hydroxysuccinimide (NHS), were pur-
chased from Sigma-Aldrich. Thiol-PEG-Amine, HCl salt (SH-
PEG7500-NH,, MW: 7500) was bought from JenKem Technol-
ogy, Texas, USA. Monodisperse Polystyrene solution (5% w/v,
617 nm) was purchased from Bangs Laboratories. All chemicals
were used without further purification.

2.2. Synthesis of NaYF4: 20%Yb3+ [2%Er3* [X%Ce3* DCNPs
(X=0,2, 4, 6,10, 15)

Following a typical solvent-thermal method,*°] a total of 1 mmol
of Erbium (III) acetate hydrate, Ytterbium (III) acetate tetrahy-
drate, Yttrium (III) acetate hydrate, and Cerium (III) acetate hy-
drate powders were mixed in a three-neck round bottom flask,
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Scheme 1. Schematic illustration of the workflow of MEF on Ag-HCNA films: a) A monolayer of closely packed PS spheres on a glass slide, b) Formation
of hexagonally ordered shrunk PS spheres through RIE, c) Formation of Ag-HCNA film through Ag sputtering, d) Immobilizing a sub-monolayer of

DCNPs onto Ag-HCNA film.

using a molar ratio (Yb: Y: Er: Ce) of 20: 78-X: 2: X. To this mix-
ture, 7.5 mL of OA and 15 mL of ODE were then added with vig-
orous stirring. The mixture solution was heated to 145 °C and
maintained at that temperature for 1 h under vacuum until a
transparent faint-yellow solution was obtained. After cooling the
solution to 50 °C, a mixture of 4 mmol of NH,F and 2.5 mmol
of NaOH was dissolved in 10 mL of methanol. The resulting tur-
bid solution was stirred vigorously at a temperature below 50 °C
for 30 min, followed by heating up to 110 °C under vacuum to
remove excessive water and methanol. Once no bubbles were ob-
served, the orange solution was heated to 298 °C under an argon
atmosphere and maintained at that temperature for 90 min. After
completion of the reaction, the solution was cooled to room tem-
perature and subsequently centrifuged at 5000 rpm for 15 min.
The resulting pellet was finally redispersed in cyclohexane.

2.3. Preparation of Ligand-Free DCNPs

A mild HCI treatment was employed to eliminate the attached
oleate ligands from the surface of DCNPs.[*!l Briefly, the pel-
let DCNPs obtained after centrifuge were re-dispersed in 15 mL
ethanol. A few drops of diluted HCl (0.1 M) were added until the
PH value of the solution was 4. The acidic solution was sonicated
for 30 min and then stirred overnight at room temperature. The
resulting ligand-free nanoparticles were washed with ethanol and
water and were finally dispersed in water.

2.4. Preparation of PAA Modified DCNPs (PAA-DCNPs)

As previously reported,*? 0.2 g of PAA powder was mixed with
ligand-free DCNPs in 10 mL of water. The mixture was vigor-
ously stirred, and a few drops of 1 M NaOH solution were slowly
added until the pH of the solution reached 8. The stirring was
continued for 24 h at room temperature. The obtained nanopar-
ticles were collected by centrifugation at 10 000 rpm for 15 min,
washed multiple times with ethanol and water, and then redis-

Adv. Optical Mater. 2024, 2400660 2400660 (3 of 14)

persed in 10 mL of water. Finally, the nanoparticles were stored
in a refrigerator at 4 °C until used.

2.5. Fabrication of Silver Hole-Cap Coupled Nanoarray
(Ag-HCNA)

Initially, A monolayer of PS spheres was coated onto glass slides
via a previously reported self-assembly technique.[3**3] Briefly,
the commercially available polystyrene sphere solution (PS617)
was 1:1 diluted with ethanol, followed by 15 min of ultra-
sonication. Simultaneously, glass slides (10 mm X 10 mm) and
silicon wafers (150 mm in diameter) were cleaned sequentially
with acetone, ethanol, and ultrapure water, each for 5 min using
ultrasonication, followed by drying with nitrogen. These cleaned
glass slides and wafers were then treated with UV-ozone for 1 h.
Thereafter, an aliquot of diluted PS solution was dropwise de-
posited onto the silicon wafer. After spreading and drying the PS
beads, the wafer was gradually immersed into a glass vessel filled
with 200 mL of DI-water supplemented with several drops of 2%
SDS solution. As a result, a monolayer assembly was detached
from the silicon wafer and floated in the water. Finally, The PS
bead monolayer assembly was transferred from water onto glass
slides and dried under a fume hood for 24 h.

The fabrication of Silver Hole-Cap Nanoarrays film (Ag-
HCNA) involved a modified colloidal lithography method.[**! The
monolayer of PS spheres obtained on the glass slide was treated
by reactive ion etching (RIE) using O, for 50 and 60 s, with an
O, pressure of 20 Pa, O, flow rate of 20 sccm, and RF power of
100 W to fabricate Ag-HCNA (50) and Ag-HCNA (60) films, re-
spectively. Afterward, a 50 nm thick layer of Ag was sputtered
onto the etched PS sphere substrate using a Hex deposition sys-
tem, with an argon flow rate of 10 sccm, a voltage of 630 V, and a
current of 100 mA. The deposition thickness of the Ag layer was
monitored by a quartz crystal monitor (QCM) integrated into the
sputtering system. The as-obtained substrate sample was heated
onto a hot plate at 90 °C for 2 min and stored in a desiccator cov-
ered with aluminum foil before use.
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Figure 1. Morphological features of NaYF4: 20%Yb**, 296Er3+,10%Ce3* DCNPs. a) Scheme of ligand exchange reaction to produce PAA-DCNPs.
b,g,h) TEM images of (a) Oleate capped (OA-DCNPs), f) Ligand free (LF-DCNPs), g) PAA functionalized DCNPs (PAA-DCNPs), respectively. ¢) High-
magnitude TEM image of single DCNP, inset: the corresponding FFT pattern. d) SAED image corresponding to (b). e) Elemental mapping of single
DCNP from STEM-EDX mode. f) XRD patterns of NaYF,: 20%Yb**+, 2%Er*+, X%Ce3* DCNPs with different Ce>* doping concentrations, where X =0,
2, 4, 6, 10, and 15, respectively. The blue vertical lines show the reference stick Pattern of hexagonal NaYF,: 39%Yb3+, 4%Er3* crystalline structure,
indexed by 00-028-1192. i) Size distribution histograms of OA-DCNPs, LF-DCNPs, and PAA-DCNPs.

2.6. Immobilization of a Sub-Monolayer of PAA-DCNPs onto
Ag-HCNA

The immobilization of DCNPs onto Ag-HCNA was accom-
plished using an NHS-EDC conjugation method.?!** Briefly,
50 mg of SH-PEG7500-NH, powder was dissolved in 1 mL of
ethanol and sonicated for 30 min. Later, 50 ul of the SH-PEG7500-
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NH, solution was deposited onto Ag-HCNA, and the sample was
incubated in a sealed petri dish for 30 min. Excess SH-PEG7500-
NH, was then removed by rinsing with water and ethanol. To ac-
tivate the carboxyl groups on the surface of PAA-DCNPs, 55 pl
of PAA-DCNPs solution (1 mg mL™') was mixed with 80 ul
of 10 mM EDC and 80 ul of 25 mm NHS for 15 min. Then,
1.1 mL of PBS solution was added, and 20 pl of the now-activated
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Figure 2. Photoluminescence (PL) properties of OA-DCNPs (a,b) PL spectra of cyclohexane dispersed NaYF,: 20%Yb3*, 2%6Er3*, X%Ce>* DCNPs with
different concentrations of Ce>* (X = 0, 2, 4, 6, 10, 15) across a) visible and b) NIR-II regions under the irradiation of a CW-980 nm (0.8 W) laser.
c) Quenching rate (black curve) and enhancement rate (red curve) of visible UCL and NIR-Il DCL as a function of Ce3* doping concentrations. (d)
Simplified energy-level diagrams illustrating the possible energy transfer pathways between Yb**, Er**, and Ce3*. The solid upper arrow, solid down
arrow, and dashed down arrow represent the excitation, radiative, and non-radiative decay processes, respectively.

nanoparticle solution was deposited onto the PEGylated Ag-
HCNA. The sample was incubated in a sealed peri dish for 3 h,
and the unbound nanoparticles were then rinsed off and col-
lected. With the known fluorescence intensity of the total amount
of DCNPs and unbound DCNPs, the amount of DCNPs can
be determined. As a reference, a clean glass slide was func-
tionalized with APTES using a previously reported method and
then equally immobilized with DCNPs using the same conju-
gation method. Each film sample bound with DCNPs was then
dried with nitrogen and stored in a desiccator covered with alu-
minum foil before measurement. According to the previously re-
ported protocols,23! fluorescence enhancement was assessed
by comparing the emission intensity of DCNPs immobilized on
each type of Ag-HCNA film with DCNPs on the glass as a con-
trol. The average fluorescence enhancement was obtained based
on Enhyyy = (Lug/Iyass) (Ngass/ Nag), Where I, and I, denote
the DCL intensity from DCNPs immobilized on Ag-HCNA and
glass, respectively. N, and N, represent the amount of DCNPs
bound onto Ag-HCNA and glass, respectively. The average en-
hancement factors and standard deviations were determined by

Adv. Optical Mater. 2024, 2400660 2400660 (5 of 14)

averaging measurements from nine distinct regions of each array
sample.

2.7. Characterization

X-ray diffraction (XRD) patterns of DCNPs were obtained us-
ing a PANalytical MPD. The X-ray source was Cu Ka irradia-
tion (k = 1.5406 A), and the measurement range (26) spanned
from 10° to 70° with a step size of 0.0167°. The morphologies of
DCNPs were characterized using JEOL2100 plus Transmission
electron microscope (TEM), equipped with energy-dispersive x-
ray spectroscopy (EDX, Oxford Instruments, UK), at an acceler-
ating voltage of 200 kV. TEM samples were prepared by drop-
casting onto a copper grid coated with a carbon film and natu-
rally dried before use. The morphologies of substrate samples
were characterized by a LEO Gemini 1525 Field Emission Gun
Scanning electron microscope (SEM) using an InLens detec-
tor, at an acceleration voltage of 5 kV. The equipped Energy-
dispersive X-ray spectroscopy (EDX, from Oxford Instruments,
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Figure 3. Surface functionalization of DCNPs a) FTIR spectra of DCNPs functionalized with different types of surface ligands. b) Schemes of molecular
formula of OA (left) and PAA (right), inset digital camera images of cyclohexane dispersed OA-DCNPs (left), aqueous LF-DCNPs (middle) and aqueous
PAA-DCNPs (right). c) Zeta potential of LF-DCNP and PAA-DCNPs dispersed in aqueous solution.

UK) mode was performed at 20 kV. The extinction spectrum
of both substrate and solution samples was characterized using
a UV-vis—NIR spectrophotometer (Agilent Cary 5000). The so-
lution sample was loaded into a high-performance quartz cu-
vette and the measurement ranged from 800 to 1200 nm. The
substrate sample was measured from 400 to 1600 nm. Fourier
transform infrared (FTIR) spectra were recorded using a Bruker
Vector 22 FTIR spectrometer equipped with a DGTS detector,
while the contact angle was measured by the Attension Theta
(Biolin Scientific). The surface charge of DCNPs with different
grafting conditions was characterized by a zeta potential analyzer
(Nano ZS ZEN3600, Malvern). The aqueous nanoparticles solu-
tion was loaded in a DTS1070 capillary cell with a neutral pH
value.

Fluorescence spectra of solution-phase DCNPs loaded into
a quartz cuvette were measured by a Fluorolog Tau3 system
(Horiba Scientific) connected to an MDL—980 nm continuous-
wave (CW) laser (Changchun New Industries Optoelectronics
Technology Co., Ltd.). The visible emission spectra (500-900 nm)
were collected by using a self-contained Photon Counting PMT
Detection System, and the NIR-II (1300-1700 nm) emission
spectra were collected by using a 512 element TE-cooled InGaAs
array near-IR detector. The NIR-II emission spectra of substrate
samples were measured by a nitrogen cooled (—120 °C) InGaAs
camera spectrometer (Princeton Instruments Spec 10 system
with an SP2300) equipped with A CW laser diode at a wavelength
of 980 nm. The visible upconversion lifetime profiles of DCNPs
doped with various concentrations of Ce** ions were character-
ized using a time-correlated single-photon counting (TCSPC)
technique provided by Horiba Scientific. Building upon the pre-
vious report,[*! the powder-formed nanoparticle samples were
excited by a pulsed laser with a peak wavelength of 976 + 10 nm,
an average power of 0.2 mW, and a repetition rate of 50 MHz. The
lifetimes of 0% and 10% Ce** doped PAA-DCNPs, when placed
on glass and Ag-HCNAs, were characterized using a frequency
domain lifetime measurement technique with modulated pump
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and detection methodology, previously established in the prior
work [4346]

2.8. Numerical Modelling

The simulated extinction and local electric field (E-field) map-
ping was conducted on two types of Ag hole-cap nanoarrays (Ag-
HCNA) using the open-source Finite Difference Time Domain
(FDTD) software MEEP.[*] The model featured a hexagonal ar-
rangement of PS spheres on a glass substrate, as previously out-
lined in the prior work.[*! In the model, the sphere diameter
for Ag-HCNA(50) and Au-HCNA(60) were 422 and 340 nm re-
spectively. A 50 nm thick layer of Ag was deposited on the up-
per surface of both the glass and PS spheres. A visual repre-
sentation of this geometry is shown in Scheme 1 and Figure S6
(Supporting Information). In this FDTD model, the Ag was char-
acterized using a Drude-Lorentz model, while the PS spheres
and the glass substrate had a refractive index of 1.54 and 1.52,
respectively.***8] Perfectly matched layers (PMLs) were used at
the upper and lower boundaries of the computational domain
to minimize non-physical reflections. Periodic boundaries were
implemented in two other dimensions to simulate an infinite
hexagonal array of PS nanospheres with nano-cap arrays. The
FDTD cell resolution was set to 5 nm in each direction, which
was determined by convergence testing. The computational sim-
ulations were run using the ARCHIE-WEST High-Performance
Computer (www.archie-west.ac.uk). The reflections, absorption,
and transmission of nanoarrays were calculated using a method
described previously,*! where the incident, transmitted, and
backscattered fields are found through computational surfaces
placed in the glass and above the nanoarray. The nanoarray
was excited using an incident plane wave normal to the upper
surface.

Purcell factor simulations were conducted using the com-
mercial FDTD software Lumerical. 3D simulations were
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Figure 4. Morphologies of Ag-HCNA films a—d) SEM images of a,b) Ag-HCNA(60) and c,d) Ag-HCNA(50) films in a,c) a vertical view, and b,d) a 60°
tilted view, inset b): a cross-sectional view of an isolated Ag hemisphere cap. e,f) AFM topology image and the respective 3D profile of (e) Ag-HCNA(60)

and (f) Ag-HCNA(50) films.

implemented with the PML boundaries applied to the upper and
the lower boundaries, and the periodic boundaries were applied
to the other 2D. The emitter was modeled as an electric dipole.
An overwrite mesh region with a uniform mesh size of 4 nm
(to balance the simulation time and accuracy) fully enclosed the
dipole and the silver structures. Three dipoles with different
orientations (aligned to the x, y, and z-axis) were simulated in
three simulation files at each point. The average Purcell factor
was calculated by averaging these Purcell factors for these three
orientations. To simplify the simulation, all points were confined
to the xOz plane. The simulated configuration, as illustrated in
Figure 8e, featured dipoles positioned at four selected locations
denoted as A to D, with a consistent perpendicular distance of
30 nm from each dipole to the Ag-HCNA surface. Specifically,
Points A and D were aligned with the X-axis and Z-axis, respec-
tively. Point A sat on the plane of z = 50 nm, while Point D was
situated on the x = 0 nm plane.

Adv. Optical Mater. 2024, 2400660 2400660 (7 of 14)

3. Results and Discussion

Figure 1a depicts the proposed ligand exchange mechanism, as-
sociated with the removal of oleate ligands under an acidic so-
lution and the subsequent new ligand grafting process under
an alkaline condition. A solvent-thermal method in an OA/ODE
system was employed for the synthesis of oleate-capped NaYF4:
20%Yb*+,2%Er**,10%Ce*" DCNPs (OA-DCNPs), with an aver-
age size of 40 nm (Figure 1b). The d-spacing of ~0.521 nm
(Figure 1c) corresponds to the (100) plane of the hexagonal
phase of NaYF,, which is in agreement with the observed Se-
lected Area Electron Diffraction (SAED) pattern in Figure 1d
and the corresponding XRD pattern (orange) in Figure 1f. Ele-
mental mapping (Figure 1le) and the corresponding EDX spec-
trum (Figure S1, Supporting Information) confirmed the major
chemical compositions of the resultant nanoparticles contained
Na, Y, F, Yb, and Ce. Due to the abundant hydrophilic carboxyl
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Figure 5. Immobilization of a sub-monolayer of DCNPs onto Ag-HCNA and the related NIR-1l DCL enhancement study. a) scheme of crosslinker Chem-
istry between PAA-DCNPs and PEGylated Ag-HCNA. b) FTIR spectra of Ag-HCNA film before and after PEGylation, insets the measured contact angles of
respective films. c) SEM image of a sub-monolayer of PSS-DCNPs immobilized on PEGylated Ag-HCNA(50). d) Extinction spectra of pristine Ag-HCNA,
PAA-DCNPs immobilized on PEGylated Ag-HCNA (DCNPs/Ag-HCNA), and the black dotted line shows the absorption position of sensitizer Yb3* ions
within DCNPs. ) PL spectra of a sub-monolayer of PSS-DCNPs doped with 10% or 0% of Ce3* on a glass slide and Ag-HCNA films. f) Fluorescence

stability test.

groups from PAA, this functionalization process is proposed to
significantly improve the aqueous stability and biocompatibil-
ity of nanoparticles. The morphologies of aqueously dispersed
ligand-free (LF-DCNPs) and PAA functionalized DCNPs (PAA-
DCNPs) are shown in Figure 1g,h. The shape and size of the DC-
NPs remained unchanged following the ligand exchange process
(Figure 1i).

Upon doping the NaYF, host matrix with different concentra-
tions of Ce*" ions ranging from 0% to 15%, the shape and unifor-
mity of the resultant nanoparticles showed negligible differences
(Figure S2, Supporting Information). XRD patterns (Figure 1f)
shows that the characteristic peaks of all measured samples can
be perfectly indexed to f-NaYF, (JCPDS card No. 00-028-1192),
indicating no other impurity phases. This implied the complete
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consumption of NaOH and NH,F during the stages of NaYF,
nucleation and growth. With increasing Ce** ion concentration
from 0% to 15%, the obvious blueshifts at peaks corresponding
to the (201) and (211) planes were attributed to lattice expan-
sion. The incorporated Ce** ions substituted Y** ions in the orig-
inal NaYF, lattice and led to lattice expansion due to the larger
ionic radius of the Ce3* ion (~0.101 nm) compared to the Y**
ion (~0.09 nm). Consequently, the nanoparticles doped with Ce**
ions showed a larger size compared to the Ce** ion free counter-
part (Figure S3, Supporting Information).

Under a 980 nm laser irradiation, the cyclohexane dispersed
OA-DCNPs exhibited multiple emission bands from the visible
to NIR-II regions (Figure 2a,b). The emission peaks of 525, 541,
and 665 nm were ascribed to the “two-photon” upconversion
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Figure 6. Photophysical properties of Er3* induced NIR-1l DCL photons from DCNPs on glass and Ag-HCNAs a) Fluorescence saturation curves show
a maximum emission rate of 1.1 x 107 Counts s~ for DCNPs (10% Ce) on glass and 2.2 x 107 Counts s~ for DCNPs (10% Ce) on Ag-HCNA(50) and
b) Log-log plot of Power density versus fluorescence intensity of both samples at a low excitation regime.

luminescence (UCL) decays, whereas the NIR-II emission peak
at 1525 nm followed the conventional “one-photon” downconver-
sion luminescence (DCL) process.[?*>° With increasing Ce** ion
concentration from 0% to 10%, the emission intensity of NIR-II
DCL was significantly boosted at the cost of UCL quenching. It
was found that 10% was the optimum doping concentration for
the brightest NIR-II emission at 1525 nm, which was ~10-fold
brighter than that from 0% doped DCNPs (Figure 2c). Further
increasing the Ce** ion concentration from 10% to 15% led to
quenching. The proposed energy-transfer diagram in Figure 2d
illustrates a cascade of energy transfer and decay pathways that
might occur when the DCNPs are excited at 980 nm. The ini-
tially populated °F, (Yb**) states transferred energy to the ad-
jacent *I,;, (Er’*) states. The small energy mismatch between
the *F5, (Yb**) state and *I,;;, (Er’*) was made up for by the
vibronic coupling effect between dopant ions and the surround-
ing lattice phonons, allowing the occurrence of phonon-assisted
energy transfer process between two neighboring lanthanide
ions. Due to the long-lived intermediated states within Er’t,
the populated electrons in the *I;;,, (Er’*) states can be fur-
ther excited to the *F,, (Er’*) and *F,, (Er’*) states. After a se-
ries of non-radiative relaxation processes, the filled electrons on
the °H,, , (Er**), *S;), (Er**) *F, (Er’**) states radiatively decay
to the *I;5,, (Er’*) state, emitting visible UCL photons at 525,
541, and 665 nm, respectively. Additionally, a portion of elec-
trons on the *I,,, (Er’*) states non-radiatively decayed to *I; ,
(Er**) states, emitting NIR-II DCL photons at 1525 nm through
the *I;3, (Er’") to *I;5, (Er’*) transition. Since UC in the vis-
ible region and DC in the NIR-II window were two competi-
tive luminescence processes, the presence of Ce** ions in prox-
imity to Er’* ions facilitated accumulating more electrons on
“I,3), (Er’") states at the cost of depopulating the *I,;, (Er**)
states via an energy cross-relaxation process. As a result, the
UCL pathways were suppressed, while the efficiency of the ra-
diative transition between *I,;, (Er’*) and *I;5,, (Er’*) was en-
hanced. To verify the rationality of the proposed energy transfer
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processes, fluorescence decay curves associated with *S; , (Er’**)
- *Iis, (Er’*) and *F,, (Er’*) — *I;5, (Er’") transitions were
plotted using TCSPC, as shown in Figure S4 (Supporting Infor-
mation). Each decay curve on a semi-logarithmic scale was fit-
ted by a single exponential equation. Regarding the *S, ,(Er**)
— *1;5,,(Er’*) transition, an incremental introduction of Ce**
ions from 0% to 15% resulted in a progressive reduction in flu-
orescence lifetime, attributed to an increased non-radiative de-
cay rate induced from energy cross-relaxation between Ce** ions
(*Fs), — *F,, transition) and Er** ions (*S;, — *Fy,, *Fy, —

Ly, *Ig); = *131)5, and *1y, — *I;3), transitions). A similar phe-
nomenon of shortened lifetimes was observed for the *F, , (Er**)
— *1;5,,(Er*") transition, however, the quenched UCL signals
from nanoparticles doped with 6% or more Ce** ions were not
detectable.

FTIR analysis was employed to investigate the ligands coor-
dinated on the surface of nanoparticles, and the findings are
depicted in Figure 3a. The characteristic peaks at 1558 and
1416 cm™' indicate the asymmetric and symmetric stretching
of carbonyl bonds, respectively, while the peaks at 2925 and
2851 cm™! represent the vibrational stretching of methylene
groups. The spectra of OA-DCNPs and PAA-DCNPs exhibited
similarity, as both OA and PAA contain substantial amounts of
carbonyl and methylene groups. Conversely, these characteris-
tic peaks were absent in the spectrum of LF-DCNPs. A broad
peak at 3350 cm ™! was assigned to the stretching vibrations of hy-
droxides, probably due to residual moisture present in the mea-
sured sample. Following the removal of oleate ligands through
treatment with HCI, the resulting LF-DCNPs acquired a posi-
tive charge, owing to the exposure of trivalent lanthanide ions
(Figure 3c). Subsequent grafting of PAA onto LF-DCNPs resulted
in the acquisition of a negative surface charge, attributed to the
deprotonation of carboxyl groups in the presence of hydroxides.

The morphological characterization of the film samples at
various stages of nanofabrication was conducted through SEM.
These characterizations are presented in Figures 4a—d and S5
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A =980 nm

Figure 7. a,c) Cross-sectional view of (a) Ag-HCNA(50), and (c) Ag-HCNA(60); b,d) the corresponsive Local E-field enhancement calculated by 3D-FDTD
modeling, using linear polarized 980 nm excitation beam source. The red dashed circle in (a) and (c) shows the area of the polystyrene sphere.

(Supporting Information). Notably, the closely packed PS sphere
film, which had undergone 50 s of etching, resulted in the for-
mation of Ag hole-cap coupled nanoarrays Ag-HCNA (50). Ag-
HCNA exhibited outstanding structural periodicity and unifor-
mity over a large area (Figure 4c,d). After a 50 s etching process,
the average diameter of individual PS spheres was reduced to
~420 nm, while the pitch size (distance from centre to centre
between two adjacent spheres) was unchanged. Subsequent de-
position of an Ag layer resulted in the individual Ag hemisphere
caps with an average diameter of ~465 nm, while the average
separation distance between two adjacent caps was measured at
~146 nm. A prolonged exposure to RIE, from 50 to 60 s resulted
in a further reduction of PS size to #340 nm, reducing the gap
size between an isolated Ag hemisphere caps and the hole layer.
The prolonged RIE treatment resulted in an increased separation
distance between adjacent Ag hemisphere caps, also contributing
to a noticeable disruption in the order and regularity of the peri-
odic array. This disruption is reflected in the larger statistical er-
ror bars associated with each structural parameter of Ag-HCNA
(60), as shown in Table S1 (Supporting Information). The depo-
sition thickness of the Ag layer and surface topographies of both
types of Ag-HCNA films were confirmed using AFM, as depicted
in Figure 4e,f and Figure S6 (Supporting Information). This anal-
ysis unveiled an excellent degree of periodicity of Ag-HCNA. All
samples exhibit uniform heights across the measured regions.
These findings are in line with the observations obtained from
the SEM.

Adv. Optical Mater. 2024, 2400660 2400660 (10 of 14)

PAA-DCNPs can be effectively conjugated to the PEGylated
Ag-HCNA film through the formation of amide bonds, as il-
lustrated in Figure 5a. The thiol groups in the linear heterobi-
functional SH-PEG-NH, polymeric layer exhibited a strong affin-
ity toward the Ag-HCNA film, while the amine groups on the
other end served as anchoring sites for the carboxyl groups from
PAA-DCNPs. The successful grafting of the SH-PEG-NH, brush
layer was confirmed by FTIR (Figure 5b, blue spectrum), show-
ing characteristic peaks at 1184, 3008, and 3660 cm™! represent-
ing the vibrational stretching of carbon—oxygen, hydroxide, and
amine bonds, respectively. Furthermore, the decrease in water
contact angle from 59.5° to 39.5° (Figure 5b, inset) indicates in-
creased hydrophilicity of the Ag-HCNA surface after the PEGyla-
tion process.

Figure 5c shows that the DCNPs exhibited a random distri-
bution on the Ag hemisphere caps, as well as in the gaps be-
tween adjacent spheres. Notably, DCNPs can be firmly immo-
bilized onto the substrate due to the robust peptide bonds, even
after undergoing multiple rounds of washing steps.

As shown in Figure 5d, it is evident that the pristine Ag-HCNA
film exhibited multiple transmission peaks and dips across the
visible and NIR regions. These distinctive spectral features were
attributed to the quadra-pole plasmonic modes arising from the
structural elements, including the holes, caps, and their coupled
features on the Ag-HCNA substrate. Additionally, upon immobi-
lization of DCNPs onto the Ag-HCNA surfaces, the periodicity of
both Ag-HCNA types remained largely unchanged (Figure 5c and
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Figure 8. Lifetime measurements at 980 nm excitation of Er3+ induced NIR-Il DCL emission at 1525 nm, and the simulated Purcell factor of DCL at
1525 nm. a) 0% Ce3* doped DCNPs on glass and the corresponding mono-exponential fit curve, b) 0% Ce3* doped DCNPs immobilized Ag-HCNA
substrate, and the bi-exponential fit curve. c) 10% Ce3* doped DCNPs on glass and the corresponding mono-exponential fit curve. d) 10% Ce3* doped
DCNPs immobilized Ag-HCNA(50) and Ag-HCNA(60) substrates and the bi-exponential fit curve. e, f) Purcell factor simulations for both types of Ag-
HCNA structures with varying geometries. Ag-HCNA(50) film exhibited a larger Ag hemisphere cap of ~465 nm in diameter and a reduced separation
distance between adjacent Ag hemisphere caps of 2146 nm. In contrast, the Ag-HCNA(60) film featured a smaller Ag hemisphere cap of ~384 nm in
diameter and a larger separation distance of ~204 nm. e) schematic illustrations Purcell factor modeling configuration. f) the average Purcell factors

versus positions.

Figure S7, Supporting Information). Hence, it was deduced that
the observed slight redshift in the transmission peaks for both
substrates was mainly attributed to the heightened refractive in-
dex introduced by the DCNP layer. Through precise control of
oxygen etching time and the thickness of the Ag layer, the promi-
nent transmission peak and dip at %980 nm can be finely tuned
to closely match the absorption band of the sensitizer ions Yb**
present within DCNPs (Figure S8, Supporting Information).

To investigate the plasmonic effect of Ag-HCNA on the en-
hancement of NIR-II DCL signals, two varieties of DCNPs were
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manufactured, doped with 0% and 10% Ce** ions (labeled as DC-
NPs (0% Ce) and DCNPs (10% Ce), respectively). These DNCPs
were employed in conjunction with Ag-HCNA films and were
excited by a 980 nm laser. As depicted in Figure 5Se, it was ev-
ident that the emission intensity of Er’** induced NIR-II DCL
from DCNPs (10% Ce) on glass was ~6 times higher than that
from DCNPs (0% Ce) on glass, corroborating the observations
in Figure 2b. Notably, when either DCNPs (0% Ce) or DCNPs
(10% Ce) were coupled to Ag-HCNA(50), an enhancement of up
to 10-fold was observed compared to their counterparts on glass.
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Further, a substantial enhancement of up to 25-fold was observed
when DCNPs (10% Ce) were immobilized onto an Ag-HCNA
(60) film. Furthermore, a synergistic enhancement effect was
achieved by doping 10% of Ce** ions into co-doped NaYF,:Yb**,
Er’** DCNPs and coupling them with Ag-HCNA (60), resulting in
an impressive 120-fold luminescence enhancement at 1525 nm
(Figure S9, Supporting Information). This represents an effective
strategy for overcoming the low efficiency of DCL signals typically
associated with conventional NaYF,:Yb3**, Er** DCNPs.

Both Ag-HCNA coupled and pristine DCNPs exhibited out-
standing photostability even after prolonged exposure to a laser
source, as shown in Figure 5f. This can be attributed to the shield-
ing effect of the filled 5s and 5p sub-orbitals, which localize the
energy transitions of lanthanide ions within the 4f inner orbitals
and render them minimally influenced by the surrounding en-
vironment. Given the substantial enhancement in DCL signals
in the NIR-II region and the exceptional photostability exhibited,
the integration of Ag-HCNA with DCNPs represents an ideal
plasmonic platform for advancing the field of next-generation
DCNPs applications in the NIR-II window.

Figure 6a shows the emission intensities of DCNPs (10% Ce)
on glass, Ag-HCNA (50), and Ag-HCNA (60) substrates, as a
function of excitation power. The experimental data were fitted
according to:

I=1,%xP/(P+P,) (1)

Where P and I represent excitation power density and the ob-
served emission intensity, respectively. P, and I denote the ex-
citation power density and the emission rate at saturation.>!] The
fitting indicates I_~1.1 x 107 counts s™! at Pg,,~70 kW cm™2 for
pristine DCNPs on glass. In comparison, the value of I DCNPs
on Ag-HCNA(50) and Ag-HCNA(60) substrates were increased
to ~2.2 x 107 counts s7! and 3.5 x 107 counts s7!, respectively.
P, for these two substrates were 56and 62 kW cm~2, respec-
tively. The altered saturation behavior observed in DCNPs onto
Ag-HCNA indicated a similarity to findings in a prior study where
a lower saturation power for Er** induced UCL was observed in
DCNPs coupled to plasmonic gold nanorod arrays.[?] Figure 6b
depicts the Log-Log plots of the excitation power-dependent NIR-
II DCL intensity of DCNPs (10% Ce), both on glass and immobi-
lized on Ag-HCNA samples, at a low excitation regime. Itis worth
highlighting that both plasmonic-affected and reference DCNPs
exhibited a nearly linear dependence on the excitation power den-
sity, which is consistent with our previously reported work.[*3]

In general, two primary categories of plasmonic enhancement
modes, namely excitation enhancement and emission rate en-
hancement are considered when DCNPs are positioned near
metallic nanostructures. For excitation enhancement, the large
localized electric field induced at the excitation wavelength boosts
the absorption cross-section and accelerates the excitation rate of
Yb3** within DCNPs. The accelerated rate of excitation shows a
direct proportionality to the enhancement in local electric field
intensity:

r E

)
Ty EO
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Where r, and r denote the intrinsic and plasmonic-enhanced ex-
citation rate of DCNPs, respectively. Eyis the magnitude of the
incident electric field and E being the enhanced localized field.

Figure 7 shows that when a 980 nm linear polarized beam is
applied, the intensity of local electric fields exhibited variation at
different positions along Ag-HCNA. A maximum of up to 10-fold
excitation rate enhancement of Yb** was estimated when DC-
NPs are immobilized at the edges of Ag-HCNA. Due to the “one
photon” luminescence process, the emission intensity of Er** in-
duced NIR-II DCL performed a linear dependence on the inten-
sity of the local electric field that DCNPs experienced.

If no other factors were at play, the intensity of Er’* induced
NIR-II DCL can also be enhanced by 10-fold. However, the com-
petitive radiative and non-radiative decay rate of Yb** may also be
improved by the plasmonic characteristics of Ag-HCNA, leading
to the faster depopulation of *Fs, (Yb**) and suppressing DCL
processes.

For the emission rate enhancement, the radiative decay rate of
Er** emitting 1525 nm photons can be accelerated by the Purcell
effect through plasmonic confinement, and the quantum yield
of luminescence can be improved.®?! For a comprehensive un-
derstanding, we measured the fluorescence lifetimes at 1525 nm
from DCNPs both on glass and on Ag-HCNA. Figure 8a,c show
that DCNPs doped with 10% of Ce** possessed an intrinsically
longer lifetime of ~6.9 ms compared to those without Ce**
dopants (~5.1 ms), attributed to that the presence of Ce** boosted
the possibility of *I,;, (Er’*) state population. Figure 8b,d show
that the decay curves for both two types of DCNPs immobi-
lized onto Ag-HCNA can be fitted by two distinct emitter life-
times, equivalent to a bi-exponential fit: the longer lifetime is at-
tributed to uncoupled Er** within DCNPs and the shorter one
to the plasmonic-coupled Er**. In Figure 8b, ~70% of the emit-
ted photons with a lifetime reduced to ~2.49 ms originated from
plasmonic-enhanced DCNPs, while the remaining ~30% came
from DCNPs (0% Ce) uncoupled by Ag-HCNA. Figure 8d also
revealed a similar trend, with ~72.5% of emitted photons exhibit-
ing a decreased lifetime (from 6.8 to 3.98 ms), likely stemming
from DCNPs (10% Ce) coupled to Ag-HCNAs, and the remaining
~27.5% matching the lifetime of DCNPs (10% Ce) on glass. In
the case of DCNPs (10% Ce) on Ag-HCNA(60), ~33% of emitted
photons showed a significantly reduced lifetime of ~1.55 ms.

Previous studies show that both radiative and non-radiative de-
cay rates of fluorophores can be increased when coupled with
metallic nanostructures.[>*>* The former directly contributes to
the enhancement of fluorescence. Nevertheless, a simultane-
ous increase in the non-radiative decay rate of the emitters con-
tributes to fluorescence quenching. Quenching becomes pro-
nounced when the emitters are in close contact with the metallic
surface.[2%] In this study, the heterobifunctional SH-PEG-NH,
polymeric layer plays a crucial role in effectively separating DC-
NPs from the Ag surface. By providing such a dielectric spacer
layer over 5 nm,[*" the non-radiative decay rate can be largely
mitigated, resulting in the net NIR-II DCL enhancement rather
than quenching.

From Figure 5c and Figure S7 (Supporting Information), the
distribution of the immobilized DCNPs on the Ag-HCNA sur-
face was observed to be stochastic, resulting in the formation of
a sub-monolayer that adhered to both the apex and base positions
of the Ag-HCNA. As such, we assumed that the sensitizer Yb**
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ions within individual DCNPs experienced excitation enhance-
ment due to the localized electric field distribution above the Ag
surface.

As depicted in the local E-field diagram in Figure S10 (Support-
ing Information), Ag-HCNA exhibited a localized electric field
with varying degrees of enhanced intensity under the excitation
of 980 nm. For instance, assuming that the whole surface of Ag-
HCNA(50) is evenly covered by closely packed DCNPs (10% Ce)
with an average diameter of 40 nm, only ~20% of the total DCNPs
could experience a substantial 10-fold enhancement in electric
field intensity, while ~#60% of DCNPs experience a local E-field
intensity enhancement between 2 and 6. The remaining 20% of
DCNPs experience negligible field enhancement. We can further
simplify this model by considering a monolayer of DCNPs (0%
Ce) with an average diameter of 26 nm. In this scenario, ~25% of
DCNPs are positioned within electric field “hot spots,” contribut-
ing to the maximum electric field enhancement for the coupled
DCNPs, while the remaining DCNPs experience negligible elec-
tric field enhancement.

For DCNPs (10% Ce) on both Ag-HCNA (50) and Ag-
HCNA(60), the estimated percentage of DCNPs within “hot
spots” is %#20%. As such, a valid estimation of the quantum yield
n'/n in a real scenario is expected to be lower than that calcu-
lated using the assumed condition because the low E-field en-
hancement regions were not considered. With the known param-
eters, including Enh,,,;, T, and I",, ;, the enhanced quantum
yields by comparing plasmonic-coupled DCNPs and origin DC-
NPs were estimated to be '/ < 1.5 for DCNPs (10% Ce) on Ag-
HCNA(50), 7/ /5 < 1.2 for DCNPs (0% Ce**) on Ag-HCNA(50),
and #’ /n < 2.7 for DCNPs (10% Ce) on Ag-HCNA(60). These re-
sults indicate that the observed NIR-II DCL enhancement was
dominated by excitation enhancement. The lifetime results also
align with the observations shown in Figure 6a, where the satu-
ration excitation power of DCNPs on Ag-HCNA is slightly lower
than the original DCNPs. This can be explained by the fact that
the increased population density of °F;, state (Yb**) by field en-
hancement induced by Ag-HCNA is higher than the increased
decay rate at 1525 nm

Figure 8 e,f show the simulated Purcell factor of emitters posi-
tioned close to the surface of both types of Ag-HCNA structures.
Notably, a higher Purcell factor was observed near the edge of
the Ag hemisphere cap, with the Ag-HCNA(60) structure exhibit-
ing a significantly larger Purcell factor compared to Ag-HCNA
(50). Interestingly, the averaged Purcell factors for various posi-
tions are larger for Ag-HCNA(60) than Ag-HCNA(50). This result
highly aligned with the radiative decay rate enhancement of DC-
NPs (10% Ce) on both Ag-HCNA types, as shown in Table S2
(Supporting Information). In practice, the measured Purcell fac-
tor represented a value averaged over the emitters distributed on
all surfaces of the structures, which is within the interval of sim-
ulated values. In future investigations, achieving precise control
over emitter distribution and their relative positioning with plas-
monic antennas becomes a crucial avenue for fully harnessing
the cavity effect to enhance luminescence.

4, Conclusion

This study demonstrates a novel strategy to enhance DCNPs’
emission in the NIR-II region by synergistically combining Ce**
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doping and plasmonic coupling. To enhance the NIR-II emission
of DCNPs, the conventional Yb**/Er** co-doped DCNPs were
further modified by incorporating Ce** ions, promoting *I; ,
(Er’) = *I;5, (Er’) transitions, with a peak emission in the NTR-II
at 1525 nm. The plasmonic Ag-HCNA film featuring multi-band
extinction characteristics was successfully fabricated using a sim-
ple yet robust colloidal lithography technique.

A 25-fold luminescent enhancement in NIR-II was achieved
when a sub-monolayer of Ce** doped DCNPs was affixed to Ag-
HCNA through amide bonds. Significantly, combining a 10%
Ce** doping with NaYF4:Yb**, Er’** DCNPs and coupling them
with Ag-HCNA (60) film resulted in a 120-fold enhancement
of downconversion luminescence in NIR-II window. These re-
sults outperformed dramatically conventional NaYF,:Yb**, Er®*
co-doped DCNPs on glass substrates. Our findings were further
substantiated by 3D-FDTD simulations and lifetime measure-
ments at 1525 nm, highlighting that the predominant factor con-
tributing to the observed DCL enhancement was the local electric
field enhancement, particularly at the coupled region between
the Ag hemisphere and nanohole. In contrast, the contribution
of emission rate enhancement remained relatively limited.

In summary, this work introduced a novel strategy to amplify
weak NIR-II signals using both doping and plasmonic technol-
ogy, providing significant opportunities for future DCNPs’ appli-
cations in the NIR-IT window.
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