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ABSTRACT

High sensitizer and activator concentrations have been increasingly examined to improve the performance of multi-color
emissive upconversion (UC) nanocrystals (UCNC) like NaYF,:Yb,Er and first strategies were reported to reduce concentration
quenching in highly doped UCNC. UC luminescence (UCL) is, however, controlled not only by dopant concentration, yet by an
interplay of different parameters including size, crystal and shell quality, and excitation power density (P). Thus, identifying
optimum dopant concentrations requires systematic studies of UCNC designed to minimize additional quenching pathways and
quantitative spectroscopy. Here, we quantify the dopant concentration dependence of the UCL quantum yield (®yc) of solid
NaYF,:Yb,Er/NaYF,:Lu upconversion core/shell nanocrystals of varying Yb* and Er** concentrations (Yb* series: 20%—98% Yb*;
2% Er*; Er* series: 60% Yb*; 2%—-40% Er®*). To circumvent other luminescence quenching processes, an elaborate synthesis
yielding OH-free UCNC with record @y of ~ 9% and ~ 25 nm core particles with a thick surface shell were used. High Yb*
concentrations barely reduce @ from ~ 9% (20% Yb**) to ~ 7% (98% Yb*) for an Er** concentration of 2%, thereby allowing to
strongly increase the particle absorption cross section and UCNC brightness. Although an increased Er** concentration reduces
Pyc from ~ 7 % (2% Er®*) to 1% (40%) for 60% Yb**. Nevertheless, at very high P (> 1 MW/cm?) used for microscopic studies,
highly Er**-doped UCNC display a high brightness because of reduced saturation. These findings underline the importance of
synthesis control and will pave the road to many fundamental studies of UC materials.
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1 Introduction

Spectrally  shifting multi-color ~ emissive  lanthanide-based
upconversion (UC) nanocrystals (NC; UCNC), which can exhibit
upconversion luminescence (UCL) and downshifted luminescence
(DSL), hold great promise as reporters for bioimaging and
biosensing,  super-resolution ~ microscopy,  optogenetics,
photodynamic and photothermal therapy, photocatalysis,
anticounterfeiting and three-dimensional (3D) display technology
[1-10]. UCNC typically consist of a transparent host matrix of
high phonon energy doped such as NaYF, doped with the
sensitizer/activator pairs Yb*/Er* or Yb*/Tm*. One challenge
encountered for life and material sciences applications of UCNC is
the relatively small absorption cross section of the particles. This
quantity is determined by the concentration of the sensitizer Yb*
that absorbs 978 nm excitation light and transfer this energy to the

the measured luminescence signal from the material side and
equals the product of the absorption cross section and the
upconversion quantum yield (®y), a measure for UCL efficiency
[3,12]. @y is determined by the ratio of the number of emitted
UCL photons, and the number of photons absorbed by the
sensitizer. As UCL is a nonlinear multiphotonic process, @y
depends on excitation power density (P). Thus, UCL and the
signal size can be also tuned by P [13, 14] and high or ultrahigh P
have been used to overcome UCL quenching processes, e.g., in
microscopic studies [3, 15].

UCL efficiency can be diminished by surface defects, surface
ligands, and solvent molecules containing high energy vibrators
such as OH, and dopant ion concentrations [3, 15]. Moreover, it is
well known from classical micrometer-sized phosphor materials

automatically boost UCNC brightness, that determines the size of

activator ions that subsequently emit photons of shorter energy in
the ultraviolet (UV), visible (vis), and near infrared (NIR) in the
case of UCL [1, 11]. The most straightforward strategy to enhance
the absorption cross section of UCNC is to increase the Yb*
concentration. In the absence of concentration quenching, this can

that lanthanide doped luminescent materials display their highest
quantum yields only within a limited concentration range of
sensitizer and activator [11,16]. For NaYF,-based UC bulk
materials utilizing Yb* as sensitizer and Er** or Tm’™ as activator,
the optimum dopant concentrations are 18%-20% of Yb* and
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2%-3% of Er” or 0.2%-0.5% of Tm™, respectively. Therefore,
these concentrations have also been used in most studies on
UCNC [13,17-31]. A high Yb*™ concentration can decrease @y
as a high number of sensitizers increases the mean energy
migration length (“exciton diffusion radius”) and therefore
automatically enlarges the number of crystal defects and
quenching sites within the particle and at the particle surface that
are accessible via energy migration [18,32,33]. Particularly in
core/shell nanocrystals of small size, all defects are within the
energy migration length even at moderate sensitizer
concentrations [34,35]. In the case of the Er* activator,
concentration quenching is mainly caused by cross relaxation [36,
37]. With the aim of improving the performance of UCNC, in
recent years, higher sensitizer and activator concentrations have
been increasingly examined and first strategies have been reported
to reduce concentration quenching in highly doped UCNC [22,
29,38, 39]. However, as UCL efficiency is not only affected by
sensitizer and activator concentration, but also by an interplay of
parameters such as crystal phase, crystal quality, UCNC size,
number of defect sites formed in the crystal and at its surface
during synthesis, thickness and quality of the surface shielding
shell, and P [3], direct correlations between dopant ion
concentration and UCL efficiency have not been derived.

To assess solely concentration quenching and identify optimum
doping ion concentrations requires systematic studies with UCNC
designed and prepared to prevent or at least minimize the impact
of other UCL controlling parameters. In addition, the
quantification of UCL concentration quenching calls for reliable
absolute measurements of @y at different P commonly used for
different applications with a properly calibrated integrating sphere
setup [40]. The importance of quantifying concentration
quenching for the field of UC nanomaterials encouraged us to
explore the sensitizer and activator concentration dependence of
@y at different P for highly doped solid 20-25 nm sized
NaF,:Yb,Er/NaYF,:Lu core/shell UCNC with a thick and tight
surface passivation shell prepared by a previously published
elaborate water-free synthesis providing record @y values of 9 %
for 45 nm core/shell NaYF,:Yb,Er doped with 18%Yb* and 2%
Er* [41]. These values closely approach those of high-quality
microcrystals and are the highest @y values reported so far for
UCNC [41]. For this study, we synthesized a series of UCNC from
anhydrous rare earth acetates, where the Yb* concentration was
varied from 20% to 98% and the Er* concentration was kept
constant at 2% (Yb* concentration series), and UCNC with a high
Yb* doping concentration of 60% and Er* concentrations varying
from 2% to 40% (Er* concentration series). Quantitative
spectroscopic studies with a calibrated and previously validated
integrating sphere setup and solid UCNC revealed that for an Er*
concentration of 2%, high Yb* concentrations only slightly reduce
the record quantum yield of ~ 9 % (20% Yb*) to ~ 7% (98% Yb*>).
Although an increase in Er’* concentration diminished @y from
~ 7% (2% Er*, 60% Yb*) to 1 % (40% Er*, 60% Yb*), at very high
P (> 1 MW/cn?) as utilized for microscopic studies, particles with
a high Er* content nevertheless display a high brightness because
of reduced saturation. These results will pave the road to the
design of more fundamental photophysical studies of UCNC and
to UCNC of increased brightness for different P regimes and
applications in the life and material sciences without the need to
utilize sophisticated tri- or multi-layer particle architectures [39]
which can be easily prone to core/shell intermixing [42].

2 Experimental

2.1 Materials
Reagents. Oleic acid (purified, Fisher Scientific), 1-octadecene
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(technical grade 90%, Alfa Aesar), ammonium fluoride (min.
98.0%, Alfa Aesar), sodium oleate (82%, Sigma Aldrich), acetic
acid (99.5%, Griissing), acetic anhydride (Ph. Eur., VWR), yttrium
oxide (99.9%, Intematix), ytterbium oxide and erbium oxide
(99.9%, Chemos), lutetium oxide (99.99% Alfa Aesar). All
materials were used as received. The anhydrous rare earth acetates
were prepared as previously reported [41].

UCNC synthesis. We chose an elaborate synthetic method
developed by us to prevent the intake of water and thus OH
groups during synthesis which can provide NaYF,Yb,Er UCNC
with record @y as earlier reported [41]. The high @y values
approaching that of high-quality UC microcrystals underline the
absence of UCL diminishing OH groups within the particles and a
very small number of defects. The water-free syntheses of the a-
Na,YF;, :Yb,Er precursor particles for the S-NaYF,Yb,Er core
particles, a-Na,YF;, :Lu precursor particles for the -NaYF,:Lu
shell, B-NaYF,;:Yb,Er core particles, and p-NaYF,:Yb,Er/NaYF,Lu
core/shell particles are detailed in the Electronic Supplementary
Material (ESM).

2.2 Methods used for particle characterization

2.2.1 Structural characterization

Transmission electron microscopy (TEM) and X-ray powder
diffraction (XRD) were used to determine the mean size, the size
distribution [43], as well as the crystal phase and the phase purity
of all particles [44, 45] respectively. The results are summarized
in Figs. S1-S11 in the ESM. The lanthanide dopant ion
concentrations were assumed to match the amounts of
reagents used as a complete conversion of the lanthanide
starting materials has been confirmed by many studies in both
labs utilizing inductively coupled plasma optical emission
spectrometry (ICP-OES) [46, 47].

2.2.2 Optical-spectroscopic characterization

2221 P-dependent UCL spectra and upconversion quantum
yields

The P-dependent UCL spectra and @y of the differently doped
UCNC were determined absolutely with a calibrated, custom
designed integrating sphere setup previously reported [40]. The
setup included a very stable 8 W 976 nm laser diode as excitation
light source and two filter wheels with neutral density filters of
known transmittance, both in the excitation channel for controlled
attenuation of P in small steps. Another filter wheel with edge,
band pass, and neutral density filters is placed in the detection
channel to avoid detector saturation. Detection of the transmitted
and emitted photons was done with a silicon charge coupled
device (CCD). The design and calibration of the setup, the beam
profile characterization, and the measurement procedure were
described in detail in a recent publication [40]. The reliability of
these measurements was recently assessed in an international
laboratory comparison on the determination of P-dependent @y
of Yb,Tm-doped UCNC [48]. The calibration of the integration
sphere setup and the calculation of @y from the measured UCL
spectra and the number of absorbed photons are detailed in the
ESM.

2.2.2.2 Time-resolved luminescence measurements

The luminescence decay kinetics were measured with an
Edinburgh Instruments spectrofluorometer FLS-980 equipped
with an electrically modulated 8 W 978 nm laser diode (40 ps long
square pulse) and a red extended PMT (Hamamatsu R2658P).
The decay curves were analyzed as previously reported [40]. The
Yb** emission was always recorded at 1,000 nm.
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2223 Single particle studies

Single particle studies were performed on a custom-built confocal
setup as described in Frenzel et al. [49]. Therefore, UCNC
dispersions were diluted 1:10° with n-hexane and 3 uL of these
diluted samples were pipetted onto a glass coverslip and dried at
room temperature. From confocal scan images (80 pm x 80 pm)
of the green and red UC luminescence under 980 nm excitation
(LDH-D-F-980, PicoQuant, Germany), the single particles were
detected by comparison of the relative intensities and choosing the
least bright particles with similar brightness. For the confocal
imaging a 100x oil-immersion objective with a numerical aperture
of 1.4 (UPLSAPO100XO/1.4, Olympus) was used and for the
detection a green (545 + 12.5 nm; F49-546) and a red (655 + 20
nm; F39-655) band-pass filter (AHF Analysetechnik AG,
Germany) were placed in front of the APDs (PDM series,
PicoQuant, Germany). The P-dependent UCL spectra were
measured with a CCD camera iDus420 from ANDOR. Thereby,
the laser intensity was varied in the cw mode concerning output
power (30% to 100%) and by continuously pulsed repetition rates
between 0.25 MHz and 80 MHz, covering a P range from 1 x 10°
to 2 x 10° W/cm? [49].

3 Results and discussion

Essential for the quantification of the influence of the sensitizer
and activator concentration on the @y of NaYF,Yb,Er UCNC
are the minimization of other possible UCL quenching pathways
by proper particle design and choice of sophisticated preparation
methods [41] and the determination of the UCL characteristics,
particularly the P-dependent key performance parameter Qyc
with absolute and previously validated optical methods [40, 48].
Thereby, samples and instrument-related sources of uncertainty
possibly contributing to these concentration studies can be
strongly minimized.

3.1 Particle structural

characterization

design,  synthesis, and

To maximize the UCL efficiency for high Yb* concentrations and
thereby boost particle brightness, the number of defects in the core
particle and at the core/shell interface must be as low as possible
for all dopant concentrations to maximize the UCL efficiency for
high Yb* concentrations. This is a prerequisite to assess solely the
influence of high and very high Yb* doping concentrations. Of
fundamental importance for this study were thus the choice of a
suitable UCNC size and preparation method. In colloidal solution,
NaYF, nanocrystals grow via Ostwald ripening and therefore
exchange ions with the solution. This is a particular problem when
the particle size is small because in this case the total surface area
and the solubility of the particles are high, the latter due to the
Gibbs-Thompson effect [50-52]. Moreover, ion exchange
reactions can take place at the particles’ surface when additional
ions exist in solution, e.g., during shell formation. Ions, released
into the solution from the core particles, can be incorporated into
the shell, resulting in partial intermixing of core and shell materials
[42,53]. This is a problem particularly for core/shell particles with
a thin shell and a highly doped core, because in this case, the
concentration of dopant ions in the shell can be so high that
energy migration through the shell is not sufficiently blocked.
Highly doped core particles of small size are therefore the most
difficult systems to shield with a thin shell. Ineffective shielding,
however, results in additional surface quenching and must be
therefore avoided for a study focusing on the effect of high dopant
concentrations on @y of NaYF,:Yb,Er nanocrystals.

Therefore, for our systematic study on sensitizer and activator
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concentration quenching in highly doped NaYF,Yb,Er UCNC
with minimum distorting contributions from other common
quenching pathways, we took three measures from the sample
side. First, we restricted our study to comparatively large
UCNC with core sizes in the range of 20-25 nm and a thick
surface shell of 7-10 nm. In our previous study on the @y of
NaYF,:Yb,Er/NaYF, core/shell particles with the standard
concentrations of Yb* and Er* of 18% and 2%, respectively,
particles of this size and shell thickness already approached the
@y value of the bulk material [41]. Second, we utilized an
elaborate synthetic method developed by us that prevents the
intake of water and thus OH groups [33] and provided
NaYF,:Yb,Er UCNC with the highest @ values reported so far
for such relatively small particles [41]. Therefore, anhydrous rare
earth acetates were used as precursors and the oleic
acid/octadecene solvent was dried at high temperature for the
preparation of UCNC cores and the subsequent shelling
procedures. Third, the NaYF, shells were doped with Lu* to
reduce the lattice mismatch between the highly doped particle
core and the shell, employing Lu* concentrations in all cases that
equaled the sum of the concentrations of both dopants in the core.
Lu* has an ionic radius that is very similar to the radius of Yb*
(and Er*) and is optically inert in the sense that it lacks 4f-4f
transitions due to its completely filled 4f electron shell. Hence, it
was to be expected that the presence of Lu* would not affect the
@y of our UCNC.

3.1.1 Structural characterization of the highly doped UCNC

The subsequently performed syntheses of the UCNC of the Yb*
and the Er* concentration series in oleic acid/octadecene yielded
NaYF,:Yb,Er core and NaYF,:Yb,Er/NaYF:Lu core/shell UCNC
with a narrow size distribution and an elongated shape for all
concentrations of Yb*, Er*, and Lu™ as confirmed by TEM
analysis. The mean size of the core particles varied between 15
and 19 nm along the a,b-direction and 19-27 nm along the c-
axis with standard deviations between 8% and 6%,
respectively. These size deviations of the active volume (core)
in the range of maximum 4-5 nm are sufficiently small to not
cover the doping effects to be assessed. For the single particle
studies presented in a forthcoming section, we nevertheless
considered these deviations and corrected the obtained results
for the number of active lanthanide ions per UCNC. The
core/shell particles always show a shell thickness twice the
core dimension in a,b- and ¢-direction with maximum variations
of 20%. TEM images of core and core/shell particles with 60% Yb*
and 2% Er* are exemplarily shown in Fig. 1. The size histograms
as well as the TEM images and size histograms of UCNC with
other dopant concentrations are provided in Figs. S1-S7 in
the ESM. The hexagonal crystal phases of the UCNC were
confirmed by XRD (Figs. S8-S11 in the ESM).

3.2 Upconversion luminescence features of highly
doped UCNC

3.2.1 Yb* concentration series

First, the P-dependent @y and UCL decay kinetics of the UCNC
of the Yb* concentration series, i.e., NaYF,:Yb,Er core particles co-
doped with 20%, 40%, 60%, 80%, and 98% Yb* and 2% Er** were
determined. All particles were protected by a Na(Y,Lu)F, shell
containing between 22% Lu™ (in the case of the NaYF,:2%kEr,
20%Yb core particles) and 100% Lu* (in the case of the
NaYbF2%Er core particles). All measurements were done with
powdered samples to circumvent an influence of solvent
molecules on the UCL features in this fundamental study [40].

The UCL spectra of these UCNC display the typical green

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure1 TEM image of -NaYF,:60%Yb,2%Er core particles (top) and f3-
NaYF,:60%Yb,2%Er/NaYF:62%Lu core/shell particles (bottom). The shell
increases the particle length (crystallographic c-axis) from 19.4 nm + 4.1% to 42
nm * 4.8% and the particle width from 14.1 nm + 6% to 29.9 nm + 7.8%. An
increase by a factor of two is expected, as the core particles and the shell
precursor were combined in a molar ratio of 1 to 7. Note the different scale bars
in the TEM images. TEM images and size histograms of all particles are shown
in the ESM.
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(510-570 nm) and red Er* emission bands (635-658 nm) as
well as the less pronounced Er* emission bands in the NIR
(783-860 nm) and ultraviolet (394-430 nm). The UCL spectra
are shown in Figs. S12 and S13 in the ESM. The relative
spectral contribution of the different Er* emission bands to
overall UCL depend on P as reported before. The P dependences
of the @y of these particle powders are compared in Fig. 2(a)).
The NaYF;20%YDb,2%Er/NaYF,;:22% Lu core/shell particles
display a maximum @y value of 9.5%, which is practically
identical with that of the microcrystalline upconversion phosphor
NaYF,:20%Yb,2%Er. This confirms our earlier results obtained for
NaYF,:18%Yb,2%Er/NaYF, core/shell particles lacking Lu* in the
shell [41]. It also shows that Lu* doping of the shell has no
negative effect on @y Remarkably, the @y values decrease only
slightly when the Yb* concentration in the core particle is
increased from 20% to 98%. For all samples, the intensity ratio of
the red emission to the green emission, i.e., the red-to green ratio,
increases with increasing P (Fig. 2(b); the corresponding UCL
spectra are shown in Fig. S12 in the ESM). The crossing points,
that are, the P values for which the intensity of the green Er*
emission band equals the intensity of the red Er** emission band,
shift systematically to lower P values with increasing Yb*
concentration. This is ascribed to an enhanced population of high
Er* energy levels involving population processes of higher
photonic order. Please note that for the measurements of
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Figure2 (a) Upconversion quantum yield @y of f-NaYF,:Yb,Er/NaYF,:Lu core/shell particles as a function of excitation power density (P). @y of the particles
doped with 2% Er* decreases only slightly when the Yb* concentration is increased from 20% (black) to 40% (red), 60% (green), and 98% (blue), respectively.
Core/shell particles doped with 20% Yb* display a record maximum @y of 9.5% close to the @y of high-quality microcrystalline upconversion phosphor powder
[41]. (b) Relative ratios of the differently colored UC emission bands of core/shell particles doped with 2% Er** and different Yb* concentrations of 20%, 40 %, 60 %,
and 98 % as a function of P. Each diagram shows the relative contributions of the red emission (635-658 nm), green emission (510-570 nm), NIR emission
at 810 nm (783-833 nm - brown) and 845 nm (833-860 nm), and blue emission (394-430 nm) to the total UC emission of the Er* ions. The crossing point
of the red and green emission, i.e., the P value where the red and the green emission match in intensity, shifts systematically to lower P values with increasing Yb*
dopant concentration. (c) @y of f-NaYF,:Yb,Er/NaYF,:Lu core/shell particles doped with different Er** concentrations as a function of P. @ of particles doped with
60% Yb* decreases by approximately one order of magnitude when the Er* concentration is increased from 2% (black) to 40% (red). (d) Relative ratios of the
differently colored UC emission bands of core/shell particles doped with 60% Yb** and Er** concentrations of 2%, 10%, 20%, and 40% as a function of P. Each diagram
shows the relative contributions of the red emission (635-658 nm), green emission (510-570 nm), NIR emission at 810 nm (783-833 nm - brown) and
845 nm (833-860 nm), and the blue emission (394-430 nm) to the total UC emission of the Er* ions.
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powdered samples P has to be kept lower than for measurements
of dispersed UCNC to prevent the decomposition of the organic
surface ligands [40].

These experiments clearly demonstrate that the Yb*
concentration and, hence, the absorption cross section of the
UCNC can be strongly increased without sacrificing a high ®yc.
Similar trends have been also reported by other research groups
[18,22], but were not quantified in terms of absolutely measured
@y data. This result is also reflected by the decay kinetics and
luminescence lifetimes of the Yb** emission displayed in Fig. 3 and
Fig. S14(a) in the ESM), which generally show long Yb* lifetimes
without a systematic dependence on Yb* concentration. This
indicates that higher Yb* concentrations neither increase the total
number of quenching sites, for instance at the core/shell interface,
nor the probability that the excitation energy reaches additional
quenching sites due to faster energy migration. The latter was also
minimized by our elaborate UCNC synthesis. The long Yb*
lifetimes not only underline a low defect density at the core/shell
interface but also tight surface passivation shells which are
sufficiently thick to block energy transfer to the particle surface. In
addition, this finding indicates that the mixing of highly Yb*
doped core material into the surface shells is sufficiently low
during shell growth for our syntheses.

3.2.2 Er* concentration series

Based on the results obtained with the Yb* concentration series,
subsequently, we prepared NaYF,:Yb,Er core particles doped with
60% of Yb* and Er’* concentrations varying between 2% up to
40%. These core particles were then protected with a Na(Y,Lu)F,
shell containing between 62% Lu* (in case of the NaYF;:2% Er,
60% YD core particle) and 100% Lu** (in case of the NaYbF,: 40%
Er core particles). The results of the spectroscopic studies of the
Er* concentration series are shown in Figs. 2 and 3 and Fig. S13 in
the ESM). As follows from the UCL spectra provided in Fig. S13
in the ESM, an increase in Er** concentration enhances the red Er**
emission and the NIR Er’* emission at 810 nm. As displayed in
Fig. 2(c)), with increasing Er’ concentration, ®y. decreases.
Overall, @y is reduced by about a factor of seven when the Er**
concentration is increased from 2% to 40%. The lower @ values
obtained for the Er** concentration series are expected, since high
Er** concentrations are known to favor cross relaxation of the Er**
ions leading to UCL quenching. The strong interactions between
neighboring Er* ions at high Er** concentrations are reflected by a
reduced intensity of the green Er’* emission and a relatively high

10,000,
1,000
56,0001 4

Yb**: Er** doping ratio
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e
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3 z
50 0.75 1.00 1.25 1.50 1.75 2.00
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®
®
® 11
100 T T
2 4 6 8 10
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Figure3 Summarized normalized Yb* decay curves and corresponding
doping ratio normalized to the Er* concentration. The reduced Yb* decay time
indicates higher energy transfer rates for Er* concentrations approaching the
Yb* doping concentrations. The Yb* luminescence was excited at 978 nm and
recorded at 1000 nm.
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intensity of the red Er’* emission as well as by the relatively strong
NIR emission at 810 nm as highlighted in Fig. 2(d)) and in Fig.
S13 in the ESM, summarizing the corresponding emission
spectra). The latter is known to result from increased Er*-Er*
ETU processes involving the first excited Er** state [15, 54].

Interestingly, the lifetime of the Yb** emission, that provides a
hint and measure for quenching processes, also remains long for
the Er" concentration series. This is highlighted in Fig. 3,
summarizing the luminescence decay curves of the UCNC varying
in Yb*-to-Er* doping ratios (normalized to the Er*
concentration) on two slightly different time scales used to better
visualize the trends. The corresponding Yb* decay kinetics of the
Yb* and Er’* concentration series are given in Figs. S14(a) and
S14(b) in the ESM. The generally long luminescence lifetime of
the Yb* emission indicates an excellent shielding of the particle
core in all cases while its diminution, i.e., the appearance of short
decay components observed for increasing amounts of Er’* is
ascribed to higher energy transfer rates caused by reduced Er-Yb
distances.

3.2.3 UCL measurements at very high P

To exemplarily assess the influence of high P (> 1 MW/cm’) on
the UCL characteristics of highly doped UCNC we performed first
measurements with selected UCNC deposited on a substrate and a
home-built single particle setup previously reported [49]. The goal
was here to estimate the performance of our differently doped
UCNC under conditions of very high P often utilized in
microscopic studies [24]. A comparison of the UCL brightness of
the differently doped UCNC samples, given as a measured signal
size in counts obtained for otherwise identical measurement
parameters, is presented in Fig. 4. These measurements utilizing P
of up to 2 MW/cm?® demonstrate that under high-power excitation
conditions, the highest emission intensities result for the samples
with Yb*/Er* doping concentrations of 60%/10% and 60%/20%.
Apparently, for high power applications, the Er** concentration
quenching can be compensated by high excitation photon fluxes,
which has been earlier explained by a desaturation of Yb* ions
[27]. This confirms the observations of other research groups on
highly doped UCNC and their good performance under
microscopic, i.e., high-power excitation conditions [29, 38].

4 Conclusion and outlook

In summary, we systematically explored and quantified the
influence of high Yb* and Er* doping concentrations on the
efficiency of the upconversion luminescence (UCL) of
core/shell upconversion nanocrystals (UCNC) with core sizes
of 20-25 nm. To assess solely the influence of high sensitizer
and activator concentrations and to determine compositions
and doping ratios optimum for a high UCL quantum yield
(Dyc) and a high particle brightness, two sets of core/shell
particles, an Yb* and an Er** concentration series were prepared,
thereby taking measures to minimize all other possible UCL
quenching pathways. This included the use of an elaborate water-
free synthetic route previously shown to yield high quality UCNC
with record @y and surface shielding with a thick Na(Y,Lu)F,
shell. In addition, only solid UCNC were studied. The particle
cores of the Yb* concentration series were doped with 2% of Er*
and 20%, 40%, 60% 80%, and 98% of Yb* and those of the Er*
concentration series with 60% of Yb* and 2%, 10%, 20%, and 40%
of Er*. Carefully choosing water-free reactants and optimum
synthetic conditions gave NaYF,Yb,Er UCNC with a high @y
and very long lifetimes of the Yb* emission. At low Er*
concentration, the @y values approached @y of a high quality
microcrystalline upconversion phosphor and remained high even

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



9644

Nano Res. 2022, 15(10): 9639-9646

60/2@62
60/10@70
60/20@80 !
60:’40@100;

S
}

* e @

-

HE

2.0 x 108 -
" 202@22
" 402@42
15x10:] = 60/2@62
: = 98/2@100
@
S 1.0x 108
o
O
[
5.0 x 107 -
0.0 Li * .

1,000 10, 000

|
100, 000 1000 000 1 ,000
Power density (W-cm™)

10, 000 100 000 1000 000
Power density (W-cm™2)

Figure4 Luminescence emission intensities of single 5-NaYF,:Yb,Er/NaYF, core/shell particles at high excitation power densities (> 1 MW/ci?). (a) UCNC doped
with 2% Er’* and 20% (black), 40% (red), 60% (blue), and 98% (green) of Yb*, respectively. (b) UCNC doped with 60% Yb* and 2% (black), 10% (red), 20% (blue), and

40% (green) of Er*, respectively.

for very high Yb* concentrations. Increasing the Er*
concentration, however, reduced @y and enhanced the relative
spectral contribution of the red and NIR Er*emission bands to
overall UCL as previously observed for other “quenched” UCNC.
Single particle studies done to realize high excitation power
densities (P) of up to 2 MW/cm?” revealed that Er’** concentration
quenching can be compensated by high excitation photon fluxes.
In this case, the highest emission intensities were obtained for
UCNC samples with 60/10 and 60/20 Yb*/Er* doping
concentrations. Hence, for high power applications, highly doped
UCNC are a better choice than UCNC containing the
conventionally used Yb* and Er** concentrations of 20% and 2%.

Our results also confirm the important influence of the
synthesis on the quality of the resulting UCNC and underline its
mandatory control for achieving high @y and a high particle
brightness. For all applications utilizing high P, however, UCL
quenching by defect sites at the particle surface or within the
particle can be most likely compensated by P, thereby reducing the
requirements on UCNC quality and UCNC design. Under these
conditions, a high absorption cross section as provided by heavily
doping with Yb* becomes increasingly beneficial. Overall, the
results of our quantitative concentration studies will pave the road
to the design of more fundamental photophysical studies of
UCNC and to UCNC of increased brightness for different P
regimes and applications in the life and material sciences.
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