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Fluorescent microspheres exhibit unique emissions at the microscale and have been widely used as
probes for immunoassays and advanced micro-sensors. Herein, we report the localized enhancement of
the photon upconversion of a single fluorescent microsphere via annular near-field confinement. The
single fluorescent microspheres were composed of a 5 um polystyrene (PS) microsphere coated with
upconversion nanoparticles. Ten gold microspheres with a diameter of 5 um were used for the
construction of a “pagoda’-like microcavity. Interestingly, the emission of a single fluorescent
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microsphere on the “pagoda”-like microcavity was enhanced by tens of times (e.g., 540 nm and 650 nm
emissions of Er®* were increased by 46 times and 40 times, respectively). Theoretical calculations based
on the FDTD method confirmed that the confined annular near field overlapped well with the
upconversion nanoparticles distributed on the surface of the single fluorescent microsphere so that the
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Introduction

Fluorescent microspheres have been widely used as probes for
immunoassays' and applied in the fields of clinical diagnosis,” food
safety,” and environmental monitoring.* A variety of fluorescent
microspheres have been developed and fabricated based on fluor-
escent dyes, quantum dots, and upconversion nanoparticles.””
Among these fluorescent microspheres, PS microspheres coated
with upconversion nanoparticles have attracted special attention
owing to their high performance gas sensing and use in infrared
sensors and optical thermometers.®°

Lanthanide-doped upconversion nanoparticles (UCNPs) can
absorb low-energy infrared photons to emit higher-energy visible
photons." ™ This unique property makes them potentially sui-
table for applications in bioimaging,**** biodetection,*>*
advanced optoelectronic devices,>>>” gas sensors,”**° and anti-
counterfeiting technology®***! and so on. The luminescence of
upconversion nanoparticles can be effectively enhanced by tun-
ing the intrinsic parameters of the nanoparticles, such as func-
tionalizing the core-shell structure of upconversion
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emission of the single fluorescent microsphere was significantly enhanced.

32,33 34,35

nanocrystals, changing the crystalline phase, and doping
with different emitters and sensitizers.>*”” Herein, we show that
the luminescence of a single PS microsphere coated with upcon-
version nanoparticles can be significantly enhanced by annular
near-field confinement.

The confined annular near-field was generated via a speci-
fically designed ‘“pagoda” constructed with Au microspheres. A
single PS microsphere coated with upconversion nanoparticles
was located on the center of the annular near-field so that
upconversion emission of the single fluorescence microsphere
was remarkably enhanced.

Results and discussion

We aimed to explore the influence of near-field confinement on
the emission of a single fluorescent microsphere (PS micro-
sphere coated with upconversion nanoparticles, referred to as
PS@UCNPs). A pagoda constructed with ten Au microspheres
was designed for generating an annular near field. For compar-
ison, three different models, i.e., a single PS@UCNPs fluores-
cent microsphere supported by zero (0 Au), three (3 Au), and ten
gold microspheres (10 Au), were built and investigated. Fig. 1(a)
shows a schematic of this microcavity model. Fig. 1(b) depicts a
schematic diagram of the energy levels and possible excitation
and emission processes that may occur in the luminescence of
UCNPs after absorbing low-energy infrared photons. Due to
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Microscopic images

(a) Models for illustrating the structures of a single fluorescent microsphere supported with 0, 3, or 10 gold microspheres. (b) Energy diagram of

lanthanide Er®*, Tm**, and Yb®" ions and the possible excitation and emission processes. (c) Experimental platform used to manipulate a single
fluorescent microsphere and gold microsphere; Scanning Electron Microscope (SEM) image of a typical PSQUCNPs fluorescent microsphere is shown at
the top left (scale bar, 1 um); Transmission electron microscopy (TEM) image (scale bar, 0.1 pm) of upconversion nanoparticles and a model for illustrating
the nanoparticle structure are shown at the top right; Bottom right: Models and microscopic images for illustrating the pagoda-like open microcavity
composed of 10 gold microspheres and its bottom structure with 7 gold microspheres (scale bar, 5 um).

their anti-Stokes properties, these particles emit high-energy
visible light. During the experiment, we realized a controlled manip-
ulation of microspheres with a diameter of 5 um via an operation
platform, as shown in Fig. 1(c). The top left shows the SEM image of
a single PS@UCNPs fluorescent microsphere, while the TEM image
and the structure model of its attached UCNPs are presented in the
top right. Models and microscopic images for illustrating a
“pagoda”-like open microcavity composed of 10 gold microspheres
and its bottom structure with 7 gold microspheres are shown in the
bottom right. Using the manipulation platform, we were able to
precisely construct a pagoda-like open microcavity and then placed a
single fluorescent microsphere right on the top of the pagoda.

The morphology of a single microsphere is shown in
Fig. 2(a) and (b), while its emission is presented in Fig. 2(c).

7922 | J Mater. Chem. C, 2024,12, 7921-7926

It is clear that the microsphere emitted green light under
980 nm infrared light excitation due to the coated upconversion
nanoparticles of NaGdF,: Yb,Er@NaYF,. The photon upconver-
sion processes can be simply demonstrated as follows: the Yb**
ion first absorbs a 980 nm excitation photon and transits from
the °F5, to upper *Fs, state, and then goes down to the ground
state °F5, to transfer its energy to the Er** ion for populating
the excited state of *I,,,. The *I,;, state will transit to the upper
“F,,, state when absorbing the 980 nm photon from the Yb**
ion again. The “F,,, state of Er*" will relax to the *S;/,, *Hyy,
and ‘Fo, states by non-radiative processes. The *Ss/, *Hyy,
and “F,, states of the Er’** ion go down to ground state of “I5/,
for emitting 540 nm and 520 nm green light and 655 nm red
light. In order to investigate the influence of the annular near

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Model, (b) microscopic image, and (c) upconversion emission of an individual PS@UCNPs fluorescent microsphere; (d) model, (e) microscopic
image and (f) upconversion emission of a single PS@QUCNPs fluorescent microsphere on a pagoda-like open microcavity; under 980 nm excitation; (g)
calculated two-dimensional and (h) one-dimensional field distributions of a single PS@QUCNPs fluorescent microsphere on a pagoda-like open
microcavity, using the FDTD simulation; (i) upconversion fluorescence image of a single PS@QUCNPs fluorescent microsphere on a pagoda-like open
microcavity under lower excitation power density (980 nm, 0.5 W mm~2) for directly observing the enhanced emission in an annular region. Power

density of 980 nm excitation light was set as the same for (c) and (f) (2.0 W mm~2).

field confinement, a single PS@UCNPs microsphere was
located on the top of the pagoda with 10 Au microspheres, as
shown in Fig. 2(d) and (e), and the emission is presented in
Fig. 2(f). It can be observed from Fig. 2(c) and (f) that, for the
same PS@UCNPs microsphere with the same excitation power
density, the emission of the PS@UCNPs microsphere on the top
of the pagoda was much stronger than that without the pagoda
(excitation power density: 2.0 W mm?). Based on the finite
difference time domain (FDTD) calculations in Fig. 2(g), it can
be determined that the pagoda composed of Au spheres could
confine the 540 nm emission in an annular area around the
PS@UCNPs microsphere. The linear distribution of the cross-
section of the annular near field is presented in Fig. 2(h). On
the other hand, it should be noted that the upconversion
nanoparticles were distributed on the surface of the PS sphere,
not the inner region of the microsphere. As a result, the
emissions of most of the upconversion nanoparticles were
enhanced due to the annular near field confinement. Actually,
the annular emission characteristic can be clearly observed
from Fig. 2(i) when exciting the pagoda supported PS@UCNPs
microsphere with a lower power density (0.5 W mm™?). The
surface plasma could be generated under the irradiation of
980 nm infrared light, but the theoretical calculation revealed

This journal is © The Royal Society of Chemistry 2024

that the surface plasma was negligible due to the large particle
size of the Au microspheres (5 um).

We constructed this pagoda model in the self-loaded manip-
ulation platform. The pagoda model with different angles of
view is shown in the upper row of Fig. 3(a), while the microscope
images of the pagoda with and without 980 nm infrared
irradiation are shown in the middle and lower rows of
Fig. 3(a), respectively. The corresponding emission spectra are
shown in Fig. 3(b). It was observed that the gold sphere pagoda
could lead to a significant enhancement of the luminescence of
the single PS@UCNPs microsphere. Based on the normalized
integral fluorescence intensities in Fig. 3(d), the intensity dif-
ference of PS@UCNPs with and without the Au-sphere pagoda
could be directly determined. For the green emission peak at
540 nm, a single PS@UCNPs microsphere with the pagoda of
10 Au spheres exhibited an emission 46 times stronger than that
without the pagoda. Meanwhile, it should be noted that a single
PS@UCNPs microsphere with the support of 3 Au spheres also
exhibited stronger emission (~8 times) than that without Au
microspheres, but its enhancement factor was obviously lower
than that with the pagoda of 10 Au spheres. For the violet peak
at 406 nm and red emission peak at 655 nm, the intensity of a
single PS@UCNPs microsphere with the support of 10 Au

J. Mater. Chem. C, 2024,12, 7921-7926 | 7923
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Fig. 3 (a) Models, microscopic images, and fluorescence images of a single PS@QUCNPs fluorescent microsphere on a pagoda-like microcavity with
different angles of view (scale bar, 5 um); Note: 1(2) showing fluorescent images of three or four fluorescent microspheres with different arrangements. (b)
Fluorescence spectra of a single PS@QUCNPs fluorescent microsphere (upconversion nanoparticle composition: NaGdF,: Yb,Er/NaYF,) supported by O, 3,
or 10 gold microspheres (Ten gold spheres mean a pagoda-like microcavity). (c) Chromatic coordinates and (d) the integral fluorescence intensities

corresponding to the emission of (b).

spheres was enhanced by more than 37 times and 40 times,
respectively, relative to the one without the pagoda. We found
that the gold sphere model not only significantly enhanced the
fluorescence intensity, but also had a subtle effect on the
relative intensity of the fluorescence in different bands. It could
be observed from the chromatogram in Fig. 3(c) that the
chromatic coordinates of fluorescence migrated lightly to dif-
ferent degrees with changing the support of Au spheres. The
efficient tuning of the microcavity on the emission color was
demonstrated in detail in another work by our group.

In order to investigate the influence of the annular near field
confinement on the emission wavelength, we coated PS micro-
spheres with UCNPs (NaYF,@NaYbF,:0.5%Tm@NaYF,)*?
emitting blue light. The microscopic images of these blue
PS@UCNPs microspheres with and without the support of the
Au-sphere pagoda are shown in Fig. 4(a). Fig. 4(b) shows the
fluorescence spectra of a single blue PS@UCNPs microsphere
with and without the Au-sphere pagoda. It is clear that the Au-
sphere pagoda also had a remarkable influence on the emis-
sion of the single blue PS@UCNPs microsphere. In comparison
with the condition without the Au-sphere pagoda, the 475, 450,
360, and 343 nm emissions of a single blue PS@UCNPs micro-
sphere with the Au-sphere pagoda were enhanced by more than
23 times, 23 times, 24 times, and 19 times, respectively. From
the chromatogram in Fig. 4(c), it could be observed that the
color coordinates of the blue PS@UCNPs microsphere also

7924 | J Mater. Chem. C, 2024,12, 7921-7926

displayed a slight shift when adding the support of the Au-
sphere pagoda.

The extinction coefficients of the structures with 3 and 10 Au
microspheres (The diameter of Au microspheres was 5 um) were
calculated using the FDTD method and the results are shown in
Fig. 5. It could be easily determined that the extinction efficient of
the pagoda with 10 Au microspheres was obviously higher than
that with only 3 Au microspheres. In addition, it could be noted
that the Au-sphere pagoda exhibited different extinction efficien-
cies at different wavelengths. The strongest extinction peak was
located at 495 nm while the weakest extinction valley was located
at 655 nm. The higher extinction efficient of the pagoda with 10
Au spheres indicated a stronger near field confinement, and thus
a higher enhancement factor for the emissions.

Conclusion

Localized enhancement of the photon upconversion of a single
fluorescent microsphere via annular near-field confinement
was demonstrated. Single fluorescent microspheres were
composed of a PS microsphere with the diameter of 5 um
coated with upconversion nanoparticles. Ten gold micro-
spheres with the diameter of 5 pm were used for construction
a pagoda-like microcavity. The open microcavity could confine
the emissions with various wavelengths in an annular region,

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Fluorescence images of a single PSQUCNPs fluorescent microsphere on a pagoda-like microcavity with different angles of view (scale bar,
5 um); Note: The left shows the fluorescent images of three or four fluorescent microspheres with different arrangements. (b) Fluorescence spectra of a
single PS@QUCNPs fluorescent microsphere (upconversion nanoparticle composition: NaYF,@NaYbF,:0.5%Tm@NaYF,) supported by 0O, 3, or 10 gold
microspheres. (c) Chromatic coordinates and (d) the integral fluorescence intensities corresponding to the emission of (b).

which could lead to remarkable emission enhancement of the
single fluorescent microsphere. The theoretical calculation-based
FDTD method confirmed that the confined annular near field
overlapped well with the upconversion nanoparticles distributed
on the surface of the single fluorescent microsphere, so that the
emission of the single fluorescent microsphere was significantly
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Fig. 5 Extinction spectra of (a) the triangle structure with 3 Au micro-
spheres and (b) the pagoda-like microcavity with 10 Au microspheres.
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enhanced. The presented findings not only provide a new solution
for enhancing the emission of a single fluorescent microsphere, but
also opens up a potential window for tailoring the emission color.
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