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Introduction

Lanthanide-doped UC nanomaterials convert low-energy infra-
red photons into visible or ultraviolet emissions," and have
wide applications in the areas of biological engineering,’?
security,
Their optical properties and emis-
sion behaviours can be effectively tuned by lanthanide
organic surface modifications,

devices,*®
12,13 and lasers.

optical

scopes, 14716

doping,"” crystal shape,"®

and multilayer core-shell structures.
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Nanosecond kinetics of multiphoton
upconversion in an optically trapped single
microcrystalf

#°° Shuai Hu,? Yanyi Zhong,® Wenda Cui,*®
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Hanchang Huang, (2 £ Maohui Yuan,
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Recently, erbium-doped nanomaterials have been demonstrated to achieve multiband upconversion
luminescence (UCL) via high excitation power and material alteration. In such a scenario, a large number
of energy levels of rare-earth ions are populated, emitting light at characteristic wavelengths. However,
understanding how the energy flows between these energy levels after intense excitation is rarely
studied. Here, we built a setup that can optically trap single microcrystals (MCs) in solution, and record
time-resolved luminescence at a nanosecond timescale. Under 976 nm nanosecond laser excitation, we
observed UCL (white light) from a single B-NaYF,4:Yb/Er microcrystal (MC). Surprisingly, the Er** ions are
populated through four-photon upconversion (UC) processes, except for the traditional two-photon UC
processes. Two populating pathways of the four-photon UC processes were observed, i.e. pathway A
(4|15/2 - 4|11/2 - 4':7/2 - 2H11/2 e 453/2 - ZG7/2 e 4G11/2 - 2H9/2 e 4F5/2 - 2K13/2) and pathway B
(152 = Yaje = *liz;e = *Fgi2 = 2Hojz — 2Dsy2), and A was more efficient than B. Our results suggest
that pathway A (which occurs first) can promote the operation of pathway B by non-radiative relaxation
processes (NRPs) and back energy transfer (BET). This can provide a method to study the kinetic process
of UC systems, which may facilitate the application of MCs in color displays and waveguide-based
optical devices in the future.

Traditionally, we understand the spectroscopic behaviours
by exciting an assembly of MCs with various orientations. This
gives strong emission signals but smooths out their individual
behaviours such as anisotropic properties,>*>> making the
particle interaction difficult to study.”® To understand how
the single MCs emit, we either align them well or excite only
a single one. Spin-coating MCs onto a substrate provides a
platform to isolate them. We observed multiband emission
(nearly white color) in a single NaYF,:Yb/Er crystal on the
substrate via intense continuous laser excitation,”” compared
to the traditional green (522 and 542 nm) and red (654 nm)
major emission bands in the visible range.'” However, UCL
properties can be influenced by their surrounding environ-
ments, such as the substrate®® and the air-sensitive
interface.>® Thus, for some materials, their emission vastly
changes when depositing them on the substrate from the
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solution. However, studying the emission properties of a single
crystal in solution is quite challenging due to its unpredictable
movement in the fluid environment.

Here, we propose a novel setup that combines optical
tweezers (OTs) and spectroscopic capability, called optical
trapping time-resolved photoluminescence spectroscopy (OT-
TRPLS). The OTs can trap and manipulate microscopic objects

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Schematics of the experimental setups for UCL detection under laser excitation. The main components are as follows: M1: planar reflective
silver mirror; M2: polarization beam combining mirror for a 976 nm laser; M3: beam combining mirror for a 976 nm laser and 1342 nm laser; M4: dichroic
mirror for short wave pass; and M5: 50:50 beamsplitter. All lasers were coaxial before reaching the objective lens. Objective 1 is an oil lens with a
numerical aperture of 1.3 and a magnification of 100x. Objective 2 has a numerical aperture of 0.25 and a magnification of 10x. (b) Schematic of optical
trapping and exciting B-NaYF,4 in an aqueous fluid chamber. (c) Real-time monitoring of the captured single B-NaYF4 using a CMOS camera under

976 nm laser excitation.

using focused lasers by forming localized hot spots in space,*
which have been widely applied in fluid mechanics,*" fluores-
cent manipulations,® cell fusion,® temperature monito-
ring,>** and real-time manipulation of micro-objects.?® Using
the OTs setup, we can achieve a controllable displacement of a
single MC along the long axis (see Fig. 1b), which allows the
constant incident laser position to avoid particle and substrate
interactions. At the same time, this setup is equipped with an
advanced time-resolved photoluminescence device that can
measure spectral evolution down to the nanosecond timescale.
Using OT-TRPLS, we can study the temporal evolution and
emission of the excited state population, using pulsed excita-
tion laser sources.

F. Frenzel et al have investigated the power density-
dependent multiband emission of NaYF,Yb/Er,*” which
demonstrated the existence of four-photon UC processes.
Indeed, the kinetic multiband UCL population and emission
processes are complex, making them difficult to identify and
predict.*® Recently, Laurence et al. proposed the kinetic model-
ing of the time-resolved response for UCL of NaYF,:Yb/Er
NCs.*° Using continuous wave (CW) and pulsed periodic excita-
tion modes, the emission spectral properties of NaYF:Yb*'/Er**
NCs were characterized, respectively.**™*> However, a detailed
study is needed to verify the kinetic processes of the multiband
UCL in Yb**/Er*" codoped materials under pulsed laser excita-
tion. The difficulties are as follows: (1) the pulsed excitation has
a high peak power density but low total energy, so it is difficult
for the pulsed excitation to achieve sustained multiband UCL

This journal is © The Royal Society of Chemistry 2022

like CW saturation excitation; (2) to efficiently record the
transient spectra for such multiband UCL, short pulse dura-
tion, and high time-resolved and spectra-resolved collection
platforms are needed. Our OT-TRPLS diagnostic platform
allows for effective kinetic studies of the multiband emission
of single NaYF,:Yb**/Er** in solution.

In this work, we have first built a platform that can achieve
3D spatial control of single MCs with OTs and simultaneously
excite the single MCs in solution with ns-pulsed lasers. Using
the home-built platform, we have measured both the stable
state and transient optical spectrum at nanosecond time reso-
lution. A full-color multiband UCL was clearly observed in
NaYF,:Yb*"/Er** MCs under 980 nm ns-pulse laser excitation.
The stochastic photon emission (SPEM) has also been simulta-
neously detected for the multiband UCL, which was character-
ized by a nanosecond time-resolved spectrum. Finally, the
detailed kinetic population processes and multiband UCL
transition pathways were also demonstrated.

Experimental
Synthesis of B-NaYF,:Yb**/Er** (20/2 mol%) MCs

B-NaYF,:Yb**/Er*" (20/2 mol%) MCs were prepared by the
hydrothermal method. According to the doping ratio, 1 mmol
of the corresponding rare earth chloride salt was dissolved in
15 mL of deionized water and stirred ultrasonically until the
solution became transparent. 4 mmol EDTA-2Na was added to

J. Mater. Chem. C, 2022,10, 9208-9215 | 9209
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the mixed solution and stirred thoroughly for 30 minutes. Then
4 mmol NaF was added and stirred for 30 minutes until the
solution resembled a jelly appearance. The above mixtures were
annealed at 180 °C for 12 hours in a hydrothermal reactor and
then cooled down to room temperature. The final products
were washed three times with ethanol and deionized water,
respectively.

Physical characterization

The highly monodisperse, monocrystalline B-NaYF,:Yb**/Er**
(20/2 mol%) MCs were characterized by scanning electron
microscopy (SEM) and were found to have a cross-sectional
width of ~0.9 um and an overall length of ~2 um (see Fig. S1a,
ESIt). The X-ray diffraction (XRD) results demonstrated that
these NaYF, MCs are B-phase crystalline, as shown in Fig. S1b
(ESTH).

Photoluminescence measurements

The experimental setup is shown in Fig. 1a for recording the
kinetic UCL decay process under 976 nm ns-pulsed laser
excitation or the steady-state spectra under 976 nm CW laser
excitation. An optical trap is created by a 1342 nm CW laser and
the single MCs are trapped by the gradient optical force (shown
in Fig. 1b). Optical tweezers enable a 3D manipulation of the
single MCs by an electric displacement stage. A color comple-
mentary metal oxide semiconductor (CMOS) camera is used to
monitor the in situ optical trapping process, which is shown in
Fig. 1c. The 1342 nm laser forms optical tweezers that move
single MCs to a place where there is no influence from other
MCs. Since Er*" and Yb*" ions do not absorb at 1342 nm,****
the use of 1342 nm laser trapping has no influence on the
investigation of multiband UCL. In the experiment, we did not
observe UCL signals when we trapped the single MCs using a
1342 nm laser. The steady-state spectral signal is detected upon
976 nm CW laser excitation. The spectral signal of temporal
evolution under ns-pulsed laser excitation is detected using a
spectrometer equipped with an image intensified charge-
coupled device (ICCD) camera. The 976 nm ns-pulsed laser
with a pulse width of 10 ns was irradiated at a repetition rate of
20 Hz. The time delays and triggering were controlled using a
digital delay generator, which was calibrated with a photodiode
and oscilloscope. The irradiated power density of 976 CW laser
excitation is ~2.3 MW cm 2. The peak irradiated power density
of 976 nm ns-pulse laser excitation with a pulse width of 10 ns

is ~0.65 GW cm 2.

Results and discussion

As shown in Fig. 2, we collected spectra of the UCL at an
integration time of 2 ms for single B-NaYF,:Yb*'/Er**
(20/2 mol%) MCs, which are trapped by OTs under 976 nm
excitation in different modes. In the spectrum, not only two
common UCL processes at green (522 nm, 541 nm) and red
(654 nm) are observed, but some new UCL processes at other
wavelengths can also be detected, thus leading to obvious

9210 | J Mater. Chem. C, 2022, 10, 9208-9215
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Fig. 2 Spectra of a single NaYF4: Yb (20%)/Er (2%) under different excita-
tion modes trapped by optical tweezers.

Intensity (a.u.)

multiband UCL phenomena upon 976 nm CW laser excitation.
For the 976 nm ns-pulsed laser excitation, multiband UCL can
be partly detected at an integration time of 2 ms. The peak
power density is higher with ns-pulsed excitation compared to
CW excitation. Therefore, pulsed excitation should have
resulted in significant UCL. However, only some partial multi-
band emissions under ns-pulsed excitation have been observed
at 2 ms integration time compared to the CW excitation. The
pulse-excited single MCs have completed full UCL within an
integration time of 2 ms. It is necessary to further reduce the
integration time to study the kinetic properties. This is an
effective way to investigate the reason why only a fraction of
the multiband emission is detected under ns-pulsed laser
excitation compared to the UCL under CW laser excitation.
To investigate the kinetics between different Er*" levels, we
subsequently focused on the main peaks, which can be clearly
distinguished from each other without a spectral deconvolution
to separate signal contributions from neighbouring, spectrally
overlapping bands. A diagram (Fig. S2, ESIt) relying on Judd-
Ofelt analyses®™° and previous studies®’*” were used for
clarifying the complex population processes of the Yb**-Er**
system, which involves energy transfer (ET), Er’*-Yb*" BET,
and nRPs.

To improve the time resolution further, as shown in Fig. S3a
(ESIt) and Fig. S3f (ESIT), the temporal spectra for CW laser
excitation and ns-pulsed laser excitation are plotted respectively
at a gate width of 100 ns integration time. It can be seen from
the time trace in Fig. S3b-e (ESI{) and Fig. S3g—j (ESIT) that for
both CW and ns-pulsed laser excitations, a distinct SPEM
phenomenon is observed from the UCL of the single UC MCs
when the integration gate width is at the 100 ns scale. For the
excitation of the Yb*-Er*" co-doped system at a 980 nm laser,
the Yb*" ions build up many (electron) populations at the *Fs,
level. With the help of Yb®" ions, the energy is transferred to
Er’* ions. Lee, Eunsang et al. suggested that the SPEM phe-
nomenon is caused by some dark Er*" ions during the delay
between the consecutive emission events.’® Although the SPEM
phenomenon can be observed at a high temporal resolution,
the shape and intensity of the spectra are relatively consistent
when repeatedly sampled and superimposed on the spectra
themselves at the same moment after excitation, which implies
that stable kinetic processes are included in these spectral

This journal is © The Royal Society of Chemistry 2022
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838 nm. The 0 moment is the starting point of the pulse excitation. (a) Temporal evolution of spectra in a step of 0.1 us from moment 0. (b) Transient

spectra for different time periods with an integration time of 5 ps.

signals. Repeatedly superimposing spectral signals at the same
moment after ns-pulse excitation provides valid access to study
the UC pathways for single UC MCs.

To obtain the temporal evolution of spectra at the 100 ns
time scale, we performed 500 accumulations of spectral signals
at the same moment after excitation, and the results are shown
in Fig. 3. Despite the existence of the SPEM phenomenon, the
effective emissions of UCL at different wavelengths can still be
observed in a certain sequence (see Fig. 3a) by accumulating the
spectra 500 times at the same moment after the ns-pulsed laser
excitation. The different emission sequence indicates a specific
establishment pathway of (electron) populations in the UC
process on the nanosecond time scale. As Fig. 3b shows, we
successfully obtained transient spectra of multi-band UCL
under ns-pulsed excitation. The excitation of single UC MCs
by nanosecond pulses successfully made the various energy
levels of the Er** ion activated, which can help study the kinetic
process of multi-band UCL. In the previous study, we have a
preliminary determination of the energy level sources of UCL at
different central wavelengths in multiband emission, as shown
in Fig. S2 (ESIt). We observed the effective emission sequence
of UCL at different wavelengths in Fig. 3a. According to it, we
further obtained the schematic diagram of the establishing
process of the populations for multiband emission as shown in
Fig. 4.

The UCL process takes place in a certain photophysical
pathway and is related to the populations of the energy level.

This journal is © The Royal Society of Chemistry 2022

According to previous studies, two main populating pathways
exist for UC.° Pathway A is “Iy5p — 'Liyp — *“Fyp —
2Hn/z - 453/2 - 2G7/2 - 4G11/2 - 2Hg/z - 4F5/2 - 2K13/2-
Pathway B is *Iy5;, — *Liys = *Liz;s = *Fopp = *Hopp — “Dspo.
UCL at 522 nm (*Hyy, — *Lis5,) is emitted first within 100 ns
after excitation, and no other emission is seen clearly at the
same time (see Fig. 3a). It reveals that the pathway A population
occurred first and thus leads to the initial 522 nm UCL. The
corresponding populating channel is *I;5;, — *Iy1, = *Fyp —
*Hi1)- Comparatively, for pathway B, the nRP of *I;;, — Tisp2
(Er*") is relatively slow, which results in no effective population
accumulation at the *I;3/, energy level in a short time (100 ns)
through the process of “Ijs, — *Liys — “lLizp. A similar
situation was also found in the time trace date of UCL by Lee
et al.>®

Additionally, effective emissions centered at 542 nm
(*Szp = "Lisp), 505 nm (*Gyyp — “Ligp), and 384 nm
(*G11/2 = “I152) can be detected at time periods of 100 ns to
200 ns after ns-pulsed laser excitation (see Fig. 3a), which
indicates that the efficient (electron) populations have accumu-
lated in the “S;;, and “Gyq,, energy levels (see Fig. 4). This
implies that the effective 542 nm emission of the UCL is derived
from the *Hy;;, — *S;» — “Iis5, population channel owing to
the effective accumulations in the *Hy,/, energy level between 0
and 100 ns after excitation. Furthermore, the UCL processes at
505 nm and 384 nm are derived from the continuous operation
of %S5/, = %Gy, = *Gy1j. In addition, the above two UCLs are

J. Mater. Chem. C, 2022,10, 9208-9215 | 9211


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tc01288j

Open Access Article. Published on 18 May 2022. Downloaded on 8/15/2025 12:45:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry C Paper
Population Emission
0 0.1 02 0.3 04 0.5 0.8 1.1 ;
3.5 1
3.0
N BE Hy,
g — - ey
2 ®: pETi & % Al Fon
P @ 1B o
2 B Y | |
2151 A @2 : ‘F
= @ | lyy | ™
: ® y | Y v L
1.0 1 q
12
Y Y Y
q
0.5 - 132
vy | Y |/ Y Y
0.0 \ \ V .
Er** 152

Fig. 4 Schematic representation of the transition kinetics on the first 1.1 ps after the excitation of a nanosecond pulse. The yellow part of the area shows
the process of establishing populations and the blue part shows the radiative transition at each energy level.

210 ——384nm| Z10 ——— 402 nm|
503 ——505nm| 508 ——470 nm
= | —_—
g 0.6 3 0.6
NO04 NO04
= =
g 0.2 g 0.2
200 200
0 20 40_60 80 100120 140 0 20 40_60 80 100 120 140
Time (us Time (us
g‘ 1.0 ——410 nm
508 —— 558 nm
=]
g 0.6
_,_l:! 0.4
£02
200

0 20 40_60 80 100120 140
ime (us

Fig. 5 Normalized intensity kinetic decay curves of UCL at different
wavelengths and at (a) *Gyy/2, (b) 2Ps,» and (c) 2Hg» energy levels.

both derived from the “G,q,, level transition. Fig. 5 further
shows the kinetic decay curves for the 384 nm and 505 nm
emissions, which exhibit a consistent trend confirming that
they originate from the same excited-state of Er’*. The evolu-
tion temporal spectra in the 0-200 ns range demonstrate that

9212 | J Mater. Chem. C, 2022,10, 9208-9215

the process (4115/2 = yjp = *Frp = "Higpp = 'Sz = *Gypp >
“Gy1/2) in pathway A continues to populate a higher excited-
state and the UCL generated from pathway B is still not
efficient.

Effective emissions at 402 nm (*P;, — “Ij3), 470 nm
(P32 — “11p2), 410 nm (*Hop, — “I355), and 558 nm (*Hojp —
"1,3,2) can be observed in the time range of 200 ns to 300 ns
after ns-pulsed laser excitation (Fig. 3a), which indicates that
the effective (electron) populations have accumulated at the *P;,,
and *H,, energy levels. As Fig. 5b and c shows, the kinetic
curves of 402 nm and 470 nm, as well as 410 nm and 558 nm,
have the same trend. Compared to the lifetime (see Table S1,
ESIt) from the previous studies,***® the differences in UCL
lifetimes in Fig. 5 may be due to the differences in irradiation
power densities and pathways.*® The (electron) populations are
accumulated presumably in the ?P3, and *Hy), energy levels
populated by the *Gyi;y — *Hop — *Fspn — Kizp — “Pap
process of pathway A (Fig. 4). Although the “I;5, — Iy, —
Myzp = *Fopp = *Hopp — *Ds;, — Py, process of pathway B
may accumulate (electron) population at the *P;;, and *Ho,
energy levels, this process would accumulate (electron) popula-
tion at the *Fy/, and *G,/, (through the nRP of *Ds/, — *G,),, see
Fig. 4) levels. However, the effective emission at 430 nm
(*Gyj» — "112) and 654 nm was not observed in the time range
of 0 ns to 300 ns after laser excitation. Therefore, within 300 ns
after excitation, pathway A operates more efficiently, and no
efficient operation of pathway B is observed.

This journal is © The Royal Society of Chemistry 2022
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At 300 ns to 400 ns after ns-pulsed laser excitation, 654 nm
emission (“Fo, — “Iy5) emerges. According to previous
reports,”*® the red UCL (654 nm) results from three pathways:
(1) the ETU process of “I;3, — Fqp; (2) the BET process of
*Gy1/2 — "Fop; and (3) the nRP of *S;),. Shin et al. found that the
red emission (655 nm) of core/shell UCNPs with the structure
NaYF,:Yb*', and Er**/NaYF, could be modulated by emission
depletion (ED) of the intermediate state that interacts reso-
nantly with an infrared beam (1540 nm).”" This study illustrates
the significance of the pathway of *I;3, — *Fo), for genera-
ting red light (654 nm). Based on the above discussion, in the
0-300 ns range, the nRP of “I;,, — “I13, is slow, which results
in no effective (electron) populations accumulated at the *I,3/,
energy level and the process of *Lis, — Iy — *Lizp —
*Fg;, — 115/, could not operate effectively to produce 654 nm
emission. However, we can also observe emissions at 505 nm,
402 nm, and 568 nm, which all could contribute to the popu-
lations at the *I;3, level. One of the possibilities for the
appearance of red light (654 nm) at 300-400 ns after excitation
is that a gradual increase in emissions (505 nm, 402 nm, and
568 nm) over time leads to an increase in populations at the
1,5, energy level and thus facilitates the population process of
M35 — *Foyp, which allows for the 654 nm emission. Furthermore,
in the 0-300 ns range after ns-pulsed laser excitation, 505 nm,
402 nm (*P3;, — "Li3), and 568 nm (*Hoj, — “I;37,) emissions all
originate from the accumulation of (electron) populations at *Gy,,
*P,,, and *Hy), energy levels by the *“Iisp — *liyp — *Frp —
2H11/2 - 4Sz»/z - 2G7/2 - 4G11/2 - 2H9/2 - 4Fs/z - 2K13/2 - 2Pz»/z
process in pathway A. Thus, the operation of pathway A is available
to provide the (electron) populations for the operation of
pathway B.

Anderson and Berry et al. suggested an intimate connection
between NIR-to-red and NIR-to-blue UC. A different mechanism
was proposed by them, involving a three-step ETU process,
exciting Er’* to “G/’K manifold, followed by a single Er’* —
Yb** BET step to populate Er**(*Fy,).>***> The observation of
505 nm and 384 nm emissions indicates that the G,y,, energy
level has accumulated (electron) populations while the 654 nm
emission is first observed in the 300-400 ns after excitation,
which implies that the BET process (*Gy1/, — “Fo,) is possible.
In the 0-300 ns range after excitation, it is pathway A that
populates the “Gyy/, (Er**) energy level, which is followed by an
Er*" — Yb*' BET step to populate Er’* (*F,,) in the 300-400 ns
range after excitation. This process indicates that pathway A
can further populate the intermediate levels of pathway B,
which facilitates the operation of pathway B.

In the 0-300 ns range after ns-pulsed excitation, the obser-
vation of the 542 nm emission indicates that the nRP of *S;,, —
*Fy, may occur to facilitate the 654 nm emission (*Fo —
*I152). Jung et al. excited the UCNPs with 488 nm and 980 nm
lasers, respectively. They found that the percentage of red light
under 488 nm excitation was significantly lower than that
under 980 nm excitation.>® Berry et al. found that the direct
excitation in the green-emitting state, *S;,, and *Hyy,,, into the
F,,, level at 442 nm results in very weak red emission (656 nm),
relative to the green emissions (522 nm and 542 nm). However,
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they were able to obtain UCL with a high red-to-green ratio
using 943 nm laser excitation.’® Therefore, it suggests that the
nRP of *S;,, — *Fy, is not the main process for the establish-
ment of populations under 656 nm emission.

In the 400 ns to 500 ns range after ns-pulsed laser excitation,
430 nm emission (*Gy;, — I 15,) is observed which indicates
that the process of *Hy), — *Ds;, — “Gj, has run effectively.
Because the 654 nm emission is already observable at 300 ns to
400 ns after excitation, it implies that the process of *Fo/, —
*Hy, is taking place currently. The observation of 456 nm
(*Fsjz — “Lisp), 496 nm (*Fy, — *I35,), and 767 nm (°P;, —
“S;),) emissions indicates that the process of pathway B popu-
lates the energy levels of >Hg, and *D5),, and the nRP of *Ds;, —
*D,5, *Hoj, — *Fsjp and *F5, — *Fj, prompts 456 nm, 496 nm
and 767 nm emissions.

At the 500 ns to 800 ns time scale, the observation of 443 nm
(*Fs;2 = *Iisp), 803 nm (o), — *Iy55), and 482 nm emissions
(Kysp — “Lisp) indicates that *Fyj, *loj, and *Kys, energy
levels are accumulated effective populations. The accumulation
of populations at the Iy, energy level implies that the ETU
process of I, — F3, has operated, and the observation of
443 nm emission (*F3;, — I35,) indicates that the ETU process
(*Loj, — *F3/,) prompts the populations of the *F3/, energy level.
The ETU process (o), — “F3,,) relies on an nRP (*Fo;, — “Igs)
at the *Fo, energy level and the “F,, energy level is one of the
energy levels through which pathway B passes and not the
pathway A passes. Therefore, we tend to classify the process as a
branch of the B pathway. During this time, the ETU process is
fully operational, and a certain number of electrons have
accumulated at each energy level in the Er®* ion. With the
relaxation of the *Fs, energy level on the Yb*" ion accumulated
by ns-pulsed excitation, (electron) populations at each energy
level within the Er’" ion gradually increase under the ETU
process and multiphoton relaxation. At 500 ns to 1.1 us after
excitation, 482 nm, 617 nm (*P3;, — “Fop OF *Giypp = “I11p),
575 nm (*Gy, — *Liip), 585 nm (*Ge, — “Iy155), 640 nm
(G = "Igp), 817 nm (*Hoj, — “Io5), and 700 nm (*Hg, —
*1112) emissions are observed. These UCL processes at these
wavelengths are difficult to observe upon low power excitation
and the intensities of these UCL processes are low upon high
power excitation. We think that there are two possibilities: (1)
the emissions of UCL processes at these wavelengths are so
weak that it is difficult for detectors to detect them; (2) only the
accumulation of a certain number of populations at these
energy levels results in radiative transition at these wave-
lengths. The production of multiband emission is more depen-
dent on the increasing number of (electron) populations at the
energy level under saturation excitation. Within 1.1 ps excita-
tion, the various energy levels within the Er’" ion can form
effective electron populations and known multiband emissions
can occur in all.

The effective populations can be established at each energy
level in the Er** ion within 1.1 ps after ns-pulsed excitation. As
shown in Fig. 3b, the transient spectra within 45 ps after
excitation show a more distinct multiband UCL throughout
this time. Moreover, we observe the transient spectrograms
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Fig. 6 Superimposed on the transient fluorescence spectrum at the same moment in time, the spectra were all acquired as a superimposition of the
spectra of 500 transients. The 0 moment is the starting point of the pulsed excitation. The time spectrum acquired with an integration time of 50 ps.

over a longer time range. As shown in Fig. 6, we can observe
that the multi-band UCL fades with time after ns-pulsed
excitation. In the late stage of the UCL decay, the main emis-
sion peaks of UCL are still at 522 nm, 542 nm, and 654 nm. In
the time range of 150-200 ps after ns-pulsed laser excitation,
multiband UCL is already difficult to observe. While the emis-
sion at 522 nm, 542 nm, and 654 nm can still be observed at
450-500 ps after ns-pulsed laser excitation. The total intensities
of these three emissions over time are significantly higher than
the total intensities of the other emissions in multiband UCL.
This explains the insignificance of the multi-band emission at a
longer integration time under ns-pulsed laser excitation, which
is shown in Fig. 2. We attribute this phenomenon to the high
irradiation power density and low total energy of the ns-pulsed
laser excitation mode. After a single UC MC is ns-pulsed
excited, many photons are absorbed by the Yb*" ion for a short
time, and many electrons transition to >Fs,. Then, many
electrons relax in the high-energy state of the Yb*' ion, and
the ET process is stronger currently, which generates the
efficient multiband UCL of Er** jons. When the relaxation of
electron population on the total Yb*" ion weakens, the ET
process gradually diminishes, and the multiband UCL
disappears.

Conclusions

In summary, we investigated the nanosecond kinetic processes
of multiband UCL from single B-NaYF, MCs based on our self-
built OT-TRPLS platform. The efficient multiband UCL and
SPEM are successfully observed through the high temporal
time resolution and minimum 100 ns integration duration.
We have obtained the evolution of the kinetic multiband UCL
spectra from the single MCs. Even with the SPEM phenom-
enon, there is still a certain emission sequence of UCL emis-
sions, which indicates that different UCL emissions originate
from different photophysical pathways. We further derived the
photophysical pathways of the emitting UCL based on the
sequence of appearance of the UCL at different wavelengths.

9214 | J Mater. Chem. C, 2022, 10, 9208-9215

We find that pathway B runs slowly (limited by the nRP
transition of “I;1,, — “I;3,) and pathway A can achieve efficient
UCL emission faster. In addition, pathway A would provide
populations for path B to generate multiband UCL, which
would facilitate the realization of pathway B. Our study will
improve the understanding of the kinetic process of multiband
UCL and promote its application.
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