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Local surface plasmon resonance (LSPR) modulation represents a promising way for enhancing upconver-
sion photoluminescence (UCPL). The study on the coupling mechanism of LSPR and UCPL is of great
importance for both fundamental research and practical applications. However, general protocols based
on the collective signals of mixed samples always suffered from the wide distributions of samples and
inevitable interferences from the scattering and/or absorption of the surrounding samples, preventing the
mechanism study with high accuracy and fidelity. Herein, we report a high-accuracy and quasi in situ
study on the coupling of LSPR and UCPL in a single nanowire way. We chemically attached rare-earth
(RE)-doped upconversion nanoparticles to Ag nanowires (UCNPs/AgNWs) and finely tuned their spectrum
match, spacers, and surface coverages. We also developed a quasi in situ selective etching method to
achieve LSPR-UCPL coupling on a single-nanowire scale with high accuracy. Our results proved that the
LSPR enhancement of UCPL showed a strong dependence on the spectrum match and the distances
between the LSPR and UCPL units. Compared with collecting average signals from the mixed samples,
our single-nanowire method provides a superior approach to quantifying the LSPR—-UCPL coupling with
high accuracy and fidelity. These strategies may find more applications in the study of LSPR and/or UCPL
materials, leading to a deeper understanding of the coupling mechanism of surface plasmon and photo-
luminescence processes.
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photoluminescence (UCPL) efficiency. Therefore, enhancing
the UCPL efficiency has turned out to be a critical task for
researchers for decades.

Extensive methods have been developed to enhance the
UCPL efficiency, including optimizing host materials and/or
dopant concentrations,'® ™ constructing core—shell
nanostructures,'®" using organic sensitizers,>*>* employing
plasmon enhancement,”*>° etc. For example, RE fluoride NPs
(e.g., NaYF, and NaGdF,) have proven to be efficient hosts for
UCPL due to their low phonon energies,””*® while forming
core-shell structures with doped cores, and inert shells, which
can passivate surface defects to further enhance the UCPL
efficiency.”*° Meanwhile, localized surface plasmon reso-
nance (LSPR) effects can significantly enhance the local elec-
tromagnetic (EM) field surrounding the metal, which can
thereby couple with the EM field of emitters located in evanes-
cently confined LSPR fields.*** Upon rational modulation,

1. Introduction

Lanthanide-doped upconversion nanoparticles (UCNPs) can
convert near-infrared light to visible light via a multi-photon
absorption process.' Owing to the rich energy level structures
for the 4f electrons of rare-earth (RE) elements, such RE-doped
UCNPs exhibit unique optical properties (e.g:, large anti-Stokes
shifts, narrow emission peaks, long emission lifetimes, and
low background interference)*® and have broad applications
in  biosensing,”'® bioimaging,"'*> and photothermal
therapy.”®'* However, due to the small intrinsic absorption
cross-sections and the low quantum efficiencies for 4f-4f tran-
sitions, UCNPs usually suffer from low overall upconversion
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the UCPL efficiency can be enhanced effectively through two
plausible mechanisms, including the local electric field ampli-
fication, and/or the enhanced radiative decay rate.>***
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The critical parameters for the LSPR enhancement of UCPL
include the spectrum match and the distances between the
LSPR surfaces and the UCPL cores, which have been widely
studied and proved by physically coupling UCNPs with zero,
one, and two-dimensional (0D, 1D, and 2D) LSPR materials
with controlled spatial distances.'***~*® For instance, as a kind
of typical LSPR material, 1D Ag nanowires (AgNWs) could be
assembled with UCNPs through solvent-evaporation induced
self-assembly or spin coating to study their enhancement
effect on UCPL.>*"**> However, previous protocols usually could
only provide collective signals from the large assemblies of
many UCNPs and AgNWs, which may vary from each other in
morphologies, sizes, and emission/scattering spectra. In sharp
contrast, the precise control and the quantitative study of the
influences of spectrum match and spatial distance on the
LSPR enhancement of UCPL could be readily achieved if we
can study the combination and the photoluminescence pro-
perties of UCNPs and AgNWs in a single-nanowire manner.

Here, we present a 3-mercaptopropionic acid (MPA)-assisted
chemical assembly of UCNPs with controllable emission
spectra and shell thickness and AgNWs with adjustable dia-
meters to obtain UCNPs/AgNW hybrids with precisely tunable
LSPR-UCPL spectrum match, distances, and surface UCNP
coverages (Fig. 1la-d). A head-to-head quasi in situ optical
characterization method on a single-nanowire scale was also
developed by quasi in situ selective etching of the AgNWs of
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UCNPs/AgNWs with the help of the markers on silica wafers
(Fig. 1e). Compared with the collective optical signals from
conventional samples (solid phase and solution), such single-
NW-based optical characterization studies could finely explore
the effects of LSPR-UCPL spectrum match, distances, and
UCNP coverages on LSPR-UCPL coupling (Fig. 1f-h). Such a
head-to-head comparison between the single UCNPs/AgNW
(before etching) and the remaining UCNPs (after etching)
revealed that plasmonic AgNWs could significantly enhance
the UCPL intensity of Tm-/Er-doped UCNPs. Our results also
proved that the enhancement factors (EFs) are highly depen-
dent on the spectrum match and the spatial distances between
the LSPR surfaces and the UCPL cores.

2. Experimental
2.1 Preparation and surface modification of UCNPs

UCNPs were prepared through a thermal decomposition
approach with modifications.*® Typical RE-doped UCPL nano-
particles, p-NaGdF,:50%Yb,1%Tm (denoted as f-Tm),
B-NaGdF,:50%Yb,0.5%Tm, B-NaGdF,:50%Yb,1.5%Tm and
B-NaGdF,:20%Yb,2%Er (denoted as f-Er), were prepared by
reacting sodium with RE trifluoroacetic acetates in a mixture
of oleic acid (OA), oleylamine (OM), and 1-octadecene (ODE).
These UCPL cores were then coated with undoped B-NaYF,

d aﬁbuudhn’;

090000000
(X X X X N N N N J

My

Etching

_—

NH,-H,0/H,0,

Surface UCNP coverages

Fig. 1 Schematic illustration for the design and optical characterization of UCNPs/AgNWs with tunable LSPR-UCPL spectrum match, distances,
and surface UCNP coverages. (a) UCNPs consisting of doped cores with tunable emission spectra and undoped shells with controllable thicknesses.
(b) AgNWs with tunable diameters. (c) UCNPs/AgNW hybrids with tunable LSPR-UCPL spectrum match, distances, and surface UCNP coverages. (d)
Randomly aggregated samples. (e) Single nanowire-based quasi in situ optical measurements. The AQNW can be selectively removed with no signifi-
cant influence on UCNPs. (f—h) The parameters that could be modulated for the study of LSPR-UCPL coupling. (f) The spectrum match of the
AgNW and UCNPs. (g) The distances between the AgNW surface and the UCPL cores. (h) The surface coverages of UCNPs on the AgNW.
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shells with thicknesses controlled by adjusting the amounts of
precursors for the p-NaYF, shells. The as-obtained core-shell
UCNPs were separated, washed, and redispersed in cyclo-
hexane for further use and characterization studies.

A two-step-ligand-exchange method was used to modify the
surface-adsorbed surfactants of the UCNPs to obtain MPA-
functionalized UCNPs (MPA-UCNPs), which can be readily dis-
persed in dimethylformamide (DMF) and exhibit high affinity
for AgNWs owing to their thiolate functional groups.** The
core-shell UCNPs were first treated with NOBF,, redispersed in
DMF, and then incubated with appropriate amounts of MPA to
obtain hydrophilic MPA-UCNPs.

2.2 Assembly of MPA-UCNPs with polyvinyl pyrrolidone
(PVP)-modified AgNWs (PVP-AgNWs)

AgNWs were synthesized by the reported PVP-assisted polyol
process with modifications.””> The as-prepared PVP-AgNWs
were dispersed in DMF, mixed with the DMF dispersion of
MPA-UCNPs, and shaken at room temperature to obtain
hybrid UCNPs/AgNWs.

Notably, the spectrum match between the UCNPs and the
AgNWs could be controlled by the dopants (i.e., Tm*" and
Er**) of UCNPs and the diameters of AgNWs. UCNPs/AgNWs
with different activator (Tm>") doping concentrations could be
obtained by controlling the Tm*" doping ratio in Tm-doped
UCNPs. The distances between the UCPL cores and the LSPR
surfaces (of AgNWs) could be modulated by the shell thickness
of UCNPs. The surface coverages of the UCNPs on AgNWs
could be easily adjusted by the ratio of the DMF dispersions of
AgNWs and UCNPs. The as-obtained UCNPs/AgNW hybrids
were centrifuged, washed, and redispersed in DMF for further
use.

2.3 Optical set-up

The optical images of the UCNPs, AgNWs, and their hybrid
structures were collected using an upright optical microscope
(DM2700 M, Leica) with a long work distance 5x objective with
a numerical aperture (NA) of 0.15 and a 50x objective with a
NA of 0.55 in bright field (BF) and dark field (DF) modes
(Fig. S17). A quartz-tungsten-halogen lamp (100 W, Leica) was
used to collect the DF images of AgNWs, and a diode 980 nm
laser (5 W, Hi-Tech Optoelectronics Co., Ltd China) was used
to stimulate the UCNPs. A spectrometer (iHR550, Horiba) and
an electron-multiplying charge-coupled device (EMCCD,
Synapse EM, Horiba) were coupled with a microscope by
optical fibers to collect the scattering and emission spectra of
the specimen.

2.4 Optical measurements of single nanowires

A diluted dispersion of UCNPs/AgNWs was drop-cast onto
silica/silicon wafers with pre-deposited gold markers to obtain
sparsely deposited UCNPs/AgNW samples for the acquisition
of their optical signals on a single-nanowire scale. The accu-
rate positioning of the specific sample was achieved by the
alignment of the optical images and the scanning electron
microscopy (SEM) images of the samples with the help of the
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markers on the silica wafers. The selective illumination and
spectrum acquisition of a single nanowire were achieved by
adjusting the spot sizes of the incident light, the diameters of
the optical fiber, and the slit of the spectrometer, avoiding the
interferences from nearby samples. Notably, after the optical
measurements, the AgNW part in the hybrid nanowire could
be selectively etched by ammonia and hydrogen peroxide,
while the UCNPs could be preserved on the silica wafer with
unchanged morphologies and locations (see the ESI{ for more
details). As a result, we can acquire the UCPL signals of these
UCNPs and make a head-to-head comparison between the
single UCNPs/AgNW hybrid (before etching) and the preserved
UCNPs (after etching) to reveal the LSPR enhancement on
UCPL in a quasi in situ manner.

3. Results and discussion
3.1 Attaching UCNPs to AgNWs

As revealed by the transmission electron microscopy (TEM)
and SEM images, a series of monodispersed UCNPs with
(0.5%, 1%, and 1.5%) Tm/2%Er-doped cores and undoped
shells with tunable thicknesses were obtained by solution syn-
thesis (Fig. 2a and b and Fig. S2, S3, and S47). AgNWs with dia-
meters of 80-130 nm and lengths of 8-12 um were obtained by
the polyol process (Fig. 2¢ and Fig. S57). As shown in Fig. 2d-f,
after the surface modification, the MPA-capped UCNPs consist-
ing of 1%Tm-doped cores and undoped shells with a thickness
of 2.1 + 0.2 nm (denoted as Tm@?2.1 hereafter, where the
number 2.1 represents undoped shells with average thickness
of 2.1 nm) could be uniformly attached to AgNWs. TEM and
high-angle annular dark-field scanning TEM (HAADF-STEM)
images demonstrated that UCNPs were tightly attached on the
surfaces of AgNWs (Fig. 2e and f), suggesting that the dis-
tances between the UCPL cores and the LSPR surfaces could

Fig. 2 Structure and morphology characterization of Tm@2.1 NPs,
AgNWs, and the Tm@2.1/AgNW hybrids. (a and b) TEM and high-resolu-
tion TEM images of Tm@2.1 NPs. The boundary of the doped NaGdF,
core and the undoped NaYF, shell is highlighted for eye guidance in (b).
(c) SEM image of AgNWs. (d) SEM, (e) TEM, and (f) HAADF-STEM images

of Tm@2.1/AgNW hybrids. Scale bars: (a) 100 nm, (b) 5 nm, (c) 400 nm,
(d) 200 nm, (e) 20 nm, and (f) 50 nm.
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be easily tuned by the thickness of the undoped NaYF, shells
(Fig. S6 and S7t) and the UCNP coverage could be modulated
by the ratios between the UCNPs and the AgNWs during the
assembly process (Fig. S87). In addition, Tm-doped UCNPs with
different Tm®" doping concentrations were also attached to the
surface of AgNWs (Fig. S9t). In contrast, UCNPs without MPA
modification were hardly attached to the surface of Ag NWs
(Fig. S107), suggesting that MPA could play a vital role in the
assembly of UCNPs/AgNW hybrid structures due to the high
affinity between the thiol groups and the surface Ag atoms.*®

3.2 Spectrum match

We then attached the Tm@2.1 NPs to AgNWs with different
diameters to reveal the interaction between the Tm@2.1 NPs
and the AgNWs with different scattering spectra in a single
nanowire manner (Fig. 3). For instance, a hybrid nanowire of
Tm@2.1 NPs and one AgNW with a diameter of 55 nm (deter-

View Article Online
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mined by SEM) could be clearly observed and positioned in
the DF optical image (Fig. 3a) due to their strong scattering
centered at about 550 nm (Fig. 3e, grey line). Notably, assisted
by the markers on the silica wafer, we can also observe the
same hybrid nanowire in the SEM image, showing that the
Tm@2.1 NPs were evenly attached to the AgNW (Fig. 3b).
Under the stimulation of a 980 nm laser, the Tm@2.1/AgNW
exhibited three major upconversion emission bands located at
about 445, 470, and 643 nm (Fig. 3e, red line), which corres-
pond to the 'D, to *F,, 'G, to *Hg, and 'G, to *F, transitions of
Tm®", respectively.” After acquiring the UCPL and scattering
spectra of the Tm@2.1/AgNW, the specimens were immersed
in the enchant consisting of ammonia and hydrogen peroxide
to selectively remove the AgNW with the Tm@2.1 NPs pre-
served on the silica wafer (Fig. 3c and d). Notably, control
experiments proved that the etching treatment showed negli-
gible influence on the UCPL of pure Tm@2.1 NPs (Fig. S117).
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Fig. 3 LSPR-enhanced UCPL performance of Tm@2.1/AgNWs with different diameters. (a—d) Optical DF and SEM images of one hybrid nanowire of
Tm@2.1/AgNW (diameter: 55 nm) before (a and b) and after (c and d) etching. Note that the AQNW was selectively removed and the UCNPs remained
after the etching treatment. (e) The UCPL spectra of the Tm@2.1/AgNW shown in a—d before (red) and after (blue) selective etching (left axis), and
the extinction spectrum (grey) of the Tm@2.1/AgNW before etching (right axis). (f—i) Optical DF and SEM images of one hybrid nanowire of Tm@2.1/
AgNW (diameter: 164 nm) before (f and g) and after (h and i) etching. (j) The UCPL spectra of the Tm@2.1/AgNW shown in f—i before (red) and after
(blue) selective etching, and the extinction spectrum (grey) of the Tm@2.1/AgNW before etching. (k—n) Optical DF and SEM images of one hybrid
nanowire of Tm@2.1/AgNW (diameter: 208 nm) before (k and 1) and after (m and n) etching. (o) The UCPL spectra of the Tm@2.1/AgNW shown in k—
n before (red) and after (blue) selective etching, and the extinction spectrum (grey) of the Tm@2.1/AgNW before etching. (p) The l445/ls43 and (q)
470/ 1643 ratios for Tm@2.1/AgNWs with different diameters before (with the AQNW) and after (without the AgNW) the selective etching of AQNWs.
Scale bars: (a, ¢, f, h, kand m) 10 pm and (b, d, g, i, Land n) 200 nm.
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Therefore, with the selective etching of the AgNW, we can
monitor the UCPL of the remaining Tm@2.1 NPs and make a
head-to-head comparison between the UCPL spectra of the
hybrid Tm®@2.1/AgNW and the remaining Tm@2.1 NPs to
reveal the effects of LSPR on UCPL in a quasi in situ way. As
revealed by the DF image (Fig. 3c), no typical LSPR scattering
signals could be observed from the same spot on the silica
wafer. Compared with the pristine sample of Tm@2.1/AgNW
before selective etching, the scattering peak of the etched
sample almost completely disappeared (Fig. S127). In addition,
as shown in Fig. S13,f the EDX mapping showed that no
apparent signals for Ag could be found for the selectively
etched samples. The results all suggested that the AgNW could
be removed by the selective etching process. The SEM images
(Fig. 3d and Fig. S14f) also confirmed the removal of the
AgNW and the preservation of Tm@2.1 UCNPs. Interestingly,
the remaining Tm@2.1 UCNPs exhibited a significantly
decreased UCPL emission under similar stimulation con-
ditions (Fig. 3e, blue line). The emissions at 445, 470, and
643 nm for the hybrid Tm@2.1/AgNW were about 21, 14, and
13 times that for the remaining Tm@2.1 UCNPs, respectively
(Fig. 3e and Table S17). Therefore, the coupling of LSPR would
significantly enhance the three primary UCPL emissions of the
Tm-doped core with a spacer thickness of about 2.1 nm. As a
result, the intensity ratios between the two blue emission
peaks and the red emission (i.e., Iiss/less and Iy7o/lgs3) Were
increased from 0.67 and 3.20 to 1.10 and 3.58, respectively,
showing the different EFs for different Tm** emission bands
due to the different match degrees between the LSPR scatter-
ing spectra and the emission bands of the Tm**-doped UCPL
cores (Fig. 3e).

Similar LSPR enhancement effects could also be observed
for the hybrid nanowires of Tm@2.1 UCNPs and AgNWs with
different diameters and scattering spectra (Fig. 3f-o, Fig. S15
and S16 and Table S1t). For example, the coupling of the
single AgNW (diameter:164 nm) and the scattering spectrum
centered at 610 nm would enhance the emissions at 445, 470,
and 643 nm by 49, 29, and 48 times, respectively (Fig. 3f-j and
Fig. S151). The single AgNW (diameter: 208 nm) and the scat-
tering peak at about 650 nm would promote the Tm** emis-
sions at 445, 470, and 643 nm by 25, 23, and 48 times, respect-
ively (Fig. 3k-o and Fig. S167).

Although the three emissions of the Tm-doped cores
embedded in 2.1 nm shells could all be significantly enhanced
by AgNWs with diameters from 55 to 208 nm, the EFs varied
for different emission peaks and thus resulted in the increased
or decreased blue/red ratios. For AgNWs with smaller dia-
meters, the blue emissions were enhanced more significantly,
while AgNWs with larger diameters exhibited larger EFs for
red emissions. As a result, a clear trend in the dependence of
the emission blue/red ratio (i.e., Ij4s5/ls43 and I ;0/Is3) on the
diameters of AgNWs could be observed on all the studied
samples (Fig. 3p and q and Fig. S17 and S187). That is, with
the decrease of the diameters of AgNWs, their LSPR scattering
peaks would gradually shift to a shorter wavelength (Fig. 3a-o
and Fig. S197).”7*° The blue-shifted LSPR resonances would
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couple more with the 'D, to *F, and G, to *Hg transitions of
Tm?", resulting in a relatively higher enhancement in the blue
emissions.

A similar LSPR-induced UCPL enhancement was also
observed for the hybrid nanowires of Tm@2.6/AgNWs with
different doping concentrations (where the number 2.6 rep-
resents the undoped shells with an average thickness of
2.6 nm). When the Tm** doping concentration was 0.5%, the
emission intensity of 0.5%Tm@?2.6 NPs was enhanced by 10
times due to the presence of scattering of the AgNW (diameter:
66 nm) (Fig. S207). The single AgNW (diameter: 41 nm) would
heighten the emissions by 8 times for 1.5%Tm@2.6 NPs
(Fig. S217).

A similar LSPR enhancing effect could also be applied to
Er**-doped UCNPs, which showed two characteristic emission
peaks in the green region (*Hyq, to *Iys; and *S;p to *Iys))
and one in the red region (*Fo, to “I;5,,).> As shown in Fig. 4,
we also attached MPA-modified UCNPs consisting of Er-doped
cores and inert shells with a thickness of 2.6 + 0.3 nm
(denoted as Er@2.6) to AgNWs with different diameters to
reveal the effects of LSPR on different emission bands of Er-
doped UCNPs. Similarly, single nanowire studies revealed that
the UCPL of Er-doped cores embedded in 2.6 nm thick shells
could be generally enhanced by the LSPR of the single AgNWs
with different diameters despite the relatively lower EFs (Fig. 4,
Fig. S22-26, and Table S27). For instance, Er@2.6 NPs could
be coupled with one single AgNW (diameter: 53 nm) and an
intense scattering spectrum centered at 565 nm was observed
(Fig. 4a—e and Fig. S227). A head-to-head comparison between
the UCPL of the Er@2.6/AgNW hybrid and the remaining
Er@2.6 NPs after the selective etching of AgNWs revealed that
the UCPL emissions at 520, 540, and 655 nm were magnified
by the AgNWs with factors of 5.3, 4.5, and 4.8, respectively
(Fig. 4e and Table S27).

The enhancement of the UCPL of Er-doped NPs was also
dependent on the diameter of AgNWs. The MPA-modified
Er@2.6 NPs were coupled with single AgNWs with different
diameters and the scattering spectra were obtained to reveal
their UCPL properties with/without the enhancement by the
AgNWs (Fig. 4f-o, Fig. S23 and S24, and Table S27). The AgNW
with a diameter of 60 nm could enhance the emissions at 520,
540, and 655 nm by 5.5, 5.7, and 7.0 times, respectively
(Fig. 4f-j and Fig. S237). The other AgNW with a larger dia-
meter of 200 nm could strengthen the emissions at 520, 540,
and 655 nm by 2.1, 1.8, and 4.5 times, respectively (Fig. 4k-o
and Fig. S24%).

As shown in Fig. 4e, j and o, the enhancement of the green
and red emissions was highly dependent on the scattering
spectra of AgNWs, which were regulated by their diameters
(Fig. S197)."7*° AgNWs with larger diameters would exhibit a
scattering spectrum centered in the red region and therefore
enhance the red emissions more, while AgNWs with smaller
diameters would show a blue-shifted scattering spectrum and
promote the green emissions with higher EFs. A clear trend in
the diameter dependence of the EFs for emissions at different
wavelengths could be observed when plotting the intensity
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Fig. 4 LSPR-enhanced UCPL performance of Er@2.6/AgNWs with different diameters. (a—d) Optical DF and SEM images of one hybrid nanowire of
Er@2.6/AgNW (diameter: 53 nm) before (a and b) and after (c and d) etching. (e) The UCPL spectra of the Er@2.6/AgNW shown in a—d before (red)
and after (blue) selective etching (left axis), and the extinction spectrum (grey) of the Er@2.6/AgNW before etching (right axis). (f—i) Optical DF and
SEM images of one hybrid nanowire of Er@2.6/AgNW (diameter: 60 nm) before (f and g) and after (h and i) etching. (j) The UCPL spectra of the
Er@2.6/AgNW shown in f—i before (red) and after (blue) selective etching, and the extinction spectrum (grey) of the Er@2.6/AgNW before etching.
(k—n) Optical DF and SEM images of one hybrid nanowire of Er@2.6/AgNW (diameter: 200 nm) before (k and 1) and after (m and n) etching. (o) The
UCPL spectra of the Er@2.6/AgNW shown in f-i before (red) and after (blue) selective etching, and the extinction spectrum (grey) of the Er@2.6/
AgNW before etching. (p) The Isx0/l655 and (q) Is40/lsss5 ratios for Er@2.6/AgNWs with different diameters before (with the AQNW) and after (without

the AgNW) the selective etching of AgNWs. Scale bars: (a, ¢, f, h, kand m) 10 pm and (b, d, g, i, l and n) 200 nm.

ratios for the green/red emissions (i.e., I5zo/Isss and Iso/lsss) of
Er@2.6/AgNW hybrids against the diameter of single AgNWs
(Fig. 4p and q and Fig. S25 and S267). Both the I5,/ls55 and
Isq0/lsss were increased with the decreasing diameter of
AgNWs, also suggesting the vital role of spectrum match in the
LSPR enhancement of UCPL.

According to previous theoretical and experimental studies,
the promotion of UCPL by LSPR will follow two possible pro-
cesses: (1) increasing the excitation rate by the local electric
field amplification when the excitation band of UCNPs over-
laps with the LSPR, and/or (2) increasing the emission rate by
surface-plasmon-coupled emission when the emission bands
overlap with the LSPR. Based on the quasi in situ head-to-head
comparison of the UCPL from the Tm- and Er-doped core/shell
UCNPs and their hybrid structures with single AgNWs, we
found that the EFs were strongly dependent on the spectrum
match between the UCPL emissions and the scattering spectra
of AgNWs, which are regulated by their diameters. Our work,

2226 | Inorg. Chem. Front.,, 2022, 9, 2221-2230

in a single-nanowire manner with high accuracy and fidelity,
clearly suggested that the coupling of LSPR and UCPL emis-
sion bands with an appropriate spectrum match would result
in enhanced emission intensity due to the faster radiative
decay rate.>'

3.3 Shell thickness

The distances between the LSPR surfaces and the UCPL cores
could be readily tuned by the thickness of the undoped shells
of UCNPs to reveal their vital role in the coupling of LSPR and
UCPL. In addition, we also employed the blue-to-red ratio (i.e.,
Liss+az0lleas) as an internal standard to reveal the coupling
effectiveness. As shown in Fig. 5a-c and Fig. S6,f uncoated
f-Tm NPs and a series of Tm-doped cores coated with inert
NaYF, shells with thicknesses ranging from 2.1 to 15.4 nm
were attached to AgNWs to reveal the influence of LSPR on
their UCPL properties. As shown in Fig. S27,7 the LSPR
enhancement of the UCPL of the bare p-Tm NPs was much

This journal is © the Partner Organisations 2022
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Fig. 5 LSPR-UCPL coupling behavior of Tm-doped UCNPs/AgNWs with varied distances and surface UCNP coverages. (a—c) SEM images of Tm-
doped UCNPs/AgNWs with varied undoped NaYF, shell thicknesses of (a) 2.1 nm, (b) 10.3 nm, and (c) 15.4 nm. (d) The I445+470/l643 ratios for upcon-
version emissions of Tm-doped UCNPs with different NaYF, shell thicknesses (black) and their corresponding hybrids with AGQNWs (i.e., UCNPs/
AgNWs) (red). The error bars indicate the standard deviation for five and fifteen independent samples of UCNPs and UCNPs/AgNWs, respectively.
(e—g) SEM images of Tm@4.9/AgNWs with different surface coverages of the UCNPs on AgNWs. (h) The statistical /445470/l643 ratios for single
Tm@4.9/AgNW hybrids shown in panels e—g. The error bars indicate the standard deviation for fifteen independent samples. Scale bars: 300 nm.

smaller than that of the aforementioned Tm®@2.6 NPs.
Moreover, the statistical results (Fig. 5d and Fig. S281) demon-
strated that the I 45:470/Is43 ratio was generally decreased by
the AgNWs (whose scattering spectra were centered at about
620 nm) when the shell thickness was smaller than 15 nm,
indicating that the red emission of Tm*" would be enhanced
more than the blue emission due to the greater spectrum
overlap between the LSPR of AgNWs and the UCPL of Tm-
doped UCNPs in the red region. Notably, a clear trend showed
that the LSPR-induced decrease of the blue-to-red ratio
(I445+470/T643) gradually decreased with the growth of the shell
thickness. Especially, when the shell thickness was increased
to 15.4 + 0.7 nm, the I 45.470/I¢43 ratio was almost identical for
the Tm@15.4 UCNPs and Tm®@15.4/AgNW hybrids. A similar
trend was also observed in the UCPL of uncoated $-Er NPs and
Er-doped cores coated with inert NaYF, shells (with the shell
thicknesses varied from 2.6 to 9.8 nm) with/without the coup-
ling of LSPR from AgNWs (Fig. S7, S29 and S307). The LSPR-
induced increase of the green-to-red ratio (Isso+s40/les5) also
gradually decreased with the increasing shell thickness. That
is, our results demonstrated that the coupling of LSPR and
UCPL was very sensitive to the distances between the LSPR sur-
faces and the UCPL cores, which could be attributed to the
exponentially decayed LSPR field in the vertical direction away
from the surfaces of noble metals.”® Therefore, the LSPR-
enhancement of UCPL by the AgNWs was highly dependent on
the distances between the AgNW surfaces and the Tm-/Er-
doped UCPL cores, and an appropriate shell thickness (typi-
cally < 10 nm) would be of vital importance.

3.4 Surface coverage

A series of UCNPs/AgNW hybrids with different surface cov-
erages of UCNPs on AgNWs were prepared by adjusting the
concentrations of UCNPs and AgNWs during the assembly

This journal is © the Partner Organisations 2022

process. As shown in Fig. 5e-g and Fig. S8, Tm-doped cores
embedded in 4.9 nm shells and Er-doped cores coated with
2.6 nm shells were evenly attached to the AgNWs with different
surface coverages (<1 monolayer, ML). The surface coverage of
UCNPs decreased with the reduced concentrations of UCNPs
in the assembly process. However, as shown in Fig. 5h, the
statistical results demonstrated that the I,45:470/lc4a3 ratio did
not show any noticeable difference for Tm@4.9/AgNW
samples with different surface UCNP coverages. Similarly, the
Isp0+540/1655 ratio also showed no apparent changes for Er@2.6/
AgNW hybrids with varied UCNP coverages (Fig. S311). That is,
the surface coverage of the UCNPs on AgNWs (<1 ML) showed
almost negligible influence on the coupling of LSPR and
UCPL, since the LSPR-UCPL distances were determined by the
shell thickness of UCNPs when the surface coverage was below
1 ML.

3.5 Optical measurements from randomly aggregated
samples

The single-nanowire method allows us to precisely study the
influence of spectrum match, distance, and surface coverage
on the coupling between the LSPR effect of the single AgNW
and the UCPL process of the attached UCNPs. In sharp con-
trast, collecting the total signals from a large number of ran-
domly aggregated samples will not provide such high-fidelity
signals and suffer from large distributions of critical pro-
perties for different samples, even those prepared in one batch
(e.g., the diameters of different AgNWs prepared in the same
batch). In addition, the interferences of the absorption and
scattering of mixed AgNWs (or other NPs) are also inevitable
in the collective spectra of mixed samples. For example, we
can reveal the influence of the spectrum match on the LSPR
enhancement of UCPL on a single-nanowire scale with the
assistance of the quasi in situ selective etching method (Fig. 3
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and 4). However, the collective signals from mixed samples
(even prepared in one batch) cannot provide such credible
results. As shown in Fig. S32,f two typical samples consisting
of several Tm@2.1/AgNWs exhibited similar collective scatter-
ing spectra for AgNWs, which may suggest a similar enhance-
ment on UCPL and thus a similar blue-to-red ratio of the
UCPL emission. However, the acquired blue-to-red ratios for
these samples were significantly different from each other. A
similar phenomenon could also be observed in the study of
mixed Er@2.6/AgNW samples (Fig. S3371). These results clearly
suggest the imprecision for quantifying the LSPR-UCPL coup-
ling from a large number of mixed samples with intrinsic and
inevitable drawbacks. Therefore, the single nanowire optical
measurement protocol, as well as the quasi in situ selective
etching method, showed much higher reliability and accuracy
for the study of the LSPR-enhancement of UCPL, and provided
a powerful method for quantifying the LSPR-UCPL coupling.

4. Conclusions

In summary, we developed a surface modification and chemi-
cal assembly protocol for the preparation of UCNPs/AgNW
hybrids with precisely tunable parameters, including LSPR-
UCPL spectrum match, distances, and surface UCNP cov-
erages. We also developed a single-nanowire scale optical
acquisition setup assisted by the quasi in situ selective etching
method to precisely explore the influences of these critical
parameters on the coupling of LSPR and UCPL. Our results
proved that AgNWs could significantly enhance the UCPL
intensity of Tm-/Er-doped UCNPs, showing a strong depen-
dence on the spectrum match and the distances between the
LSPR and UCPL components. Especially, compared with
acquiring the collective signals from a large number of mixed
samples with inevitable challenges in broad sample distri-
butions and mutual interferences, our single-nanowire charac-
terization and the quasi in situ selective methods provide a
superior approach to quantifying LSPR-UCPL coupling and
evaluating the key parameters with high accuracy and fidelity.
With these advantages, our developed chemical synthesis and
optical measurement methods may find more applications in
studying LSPR and/or UCPL materials, leading to a deeper
understanding of the coupling mechanism of surface plasmon
and photoluminescence processes.
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