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Significant Enhancement of the Upconversion Emission in Highly
Er’*-Doped Nanoparticles at Cryogenic Temperatures
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Bin Li, Jiajia Zhou,* Dayong Jin,* and Hong Zhang*

Abstract: Relatively low efficiency is the bottleneck for
the application of lanthanide-doped upconversion nano-
particles (UCNPs). The high-level doping strategy
realized in recent years has not improved the efficiency
as much as expected. It is argued that cross relaxation
(CR) is not detrimental to upconversion. Here we
combine theoretical simulation and spectroscopy to
elucidate the role of CR in upconversion process of Er*"
highly doped (HD) UCNPs. It is found that if CR is
purposively suppressed, upconversion efficiency can be
significantly improved. Specifically, we demonstrate
experimentally that inhibition of CR by introducing
cryogenic environment (40 K) enhances upconversion
emission by more than two orders of magnitude. This
work not only elucidates the nature of CR and its non-
negligible adverse effects, but also provides a new
perspective for improving upconversion efficiency. The
result can be directly applied to cryogenic imaging and
wide range temperature sensing. )

Introduction

Lanthanide (Ln*") doped upconversion nanomaterials can
convert low energy photons to high energy emissions.!"! With
their unique non-blinking and non-photobleaching anti-
Stokes emissions,” upconversion nanomaterials have at-
tracted numerous attention towards emerging applications,
including volumetric displays,”! multimodality bio-imaging,™

photodynamic  therapy,”!  high-security = level anti-
counterfeiting,”)  optogenetics,”! and  super-resolution
imaging,® etc. Further developments require in-depth and
comprehensive studies of the sophisticated upconversion
process, as well as the rational design and controlled
synthesis of nanomaterials toward high luminescence effi-
ciencies. Albeit many targeted strategies, including organic
dye sensitization,”) plasmonic field modulation and
enhancement,'” surface phonon engineering in a thermal
field,™" and design of heterogeneous nanostructures,'” have
been exploited, and the reported upconversion efficiencies
in the range of 0.03-10 % are already orders of magnitude
higher than that of the conventional two-photon process of
fluorophores." To date, boosting upconversion brightness
is still an urgent task.

Recent advances indicate that constructing highly doped
upconversion nanoparticles (HD UCNPs) offers an emerg-
ing opportunity to enhance upconversion luminescence.
With ultra-high densities of optical centers (i.e., active
Ln*"), HD UCNPs are expected to have greater light
absorption and stronger energy transfer/migration process
due to the accelerated ion-to-ion interactions. Nevertheless,
the concomitant concentration quenching effect becomes
inevitable," which prevents HD UCNPs from achieving
higher efficiency operations. Strategies, including high
excitation irradiance,'” dye sensitization,'” inert shell
passivation,!'”! and heterogeneous nanostructure design,'™
have been developed to alleviate the deteriorating effect of
concentration quenching, where impressive upconversion
enhancement by the range of 10-1000 folds has been
achieved.l'*!
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Despite remarkable progress being made in HD UCNPs,
the physical insight into the sophisticated upconversion
process within the nanosystem remain unclear. Numerical
theoretical modeling is needed to quantify the advantages of
the highly doped system, including the enhanced absorption
and the accelerated ion-to-ion interactions. Especially con-
sidering that the gap between the theoretical simulations
and experimental observations remains. For example, inert
shell has been widely used to cut off the activators from the
surface quenching sites and to eliminate the concentration
quenching effect on erbium ions (Er’"), so that the Er’*
doping concentrations have been increased from the conven-
tional 2 mol % to 80-100 mol %,""* but the actual bright-
ness fails to reach the expected level of enhancement, since
the amount of activators has been increased by more than
40 folds (NaYF; 20%YDb, 2%Er@NaYF, versus
NaErF,:20%Yb @NaYF, or NaErF,@NaYF,).'"*"! Such a
discrepancy suggests an ambiguous recognition of a lumines-
cence mechanism playing a major role in the practical
performance of such types of HD UCNPs.

Here, a Monte Carlo simulation suggests plenty of room
for further promoting the upconversion brightness of Er'*
-rich  core-shell structures (represented by the
NaErF,@NaYF,). Experimentally, the expected upconver-
sion enhancement by over two orders of magnitude was
indeed observed in the cryogenic environment (e.g., cool
down to 40 K). Different from the traditional view, our
finding reveals that severe concentration quenching still
exists in the inert shell passivated Er’"-rich systems at room
temperature. Spectral-domain and time-domain spectro-
scopic results indicate that the quenching is caused by the
cascade Er’"-Er’* cross relaxation (CR), whose effective-
ness strongly depends on the temperature. Furthermore, the
trend was also observed in the Yb**/Er’™ “alloy” UCNPs
(i.e., NaYF,@NaYb,_F,:Er,@NaYF, core-shell-shell struc-
tures, where x varies from 2% to 100%). We found the
optimal doping concentration of Er’* activators towards the
maximum brightness also varied with the temperature, e.g.,
4 mol % at 250 K, 25 mol % at 150 K, 50 mol % at 75 K, and
100 mol % at 40 K. As a result, a significantly enhanced
upconversion brightness by about 10 folds has been
achieved, compared with the Er'" low-doped alloy systems
that have already been regarded as a kind of the most
efficient upconversion nanostructures at room temperature.
With a clearer insight into the temperature-responsive Er'*
-Er’* CR effect, this work suggests a new scope for
upconversion enhancement, low-temperature imaging, and
wide-range temperature sensing.

Results and Discussion

In an ideal scenario, the macroscopic upconversion phenom-
ena in Ln’"-doped nanosystems can be rebuilt by a Monte
Carlo simulation, in which upconversion luminescence is
treated as a statistical result of numerous randomly walked
excited states “collisions” (shown in Figure 1a and b). In our
previous works,” a simulation model has been successfully
set up for a traditional low doping upconversion system, i.e.,
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Figure 1. Schematic diagram of the randomly walked excited states
“collision” triggering upconversion emission in a) a traditional NaYF,:
20%Yb, 2%Er@NaYF, nanostructure, and b) a high level doped
NaErF,@NaYF, nanostructure. c) The simulated upconversion emis-
sion enhancement factors of NaErF,@NaYF, nanostructure, induced
by the accelerated ion-to-ion interaction and the increased “collision”
sites, respectively. d) Comparison of experimental and simulated
upconversion intensities of low doping (in blue) and high doping (in
red) systems.

NaYF,: 20%Yb, 2 %Er@NaYF,. Our model quasi-quantita-
tively predicted the relevant upconversion efficiency since
the ion-to-ion interaction parameters could be set appropri-
ately from quantum mechanical calculations or experiments.
However, experimental and simulated results diverge when
directly applying this model to the upconversion systems
with a high level of activators (e.g., NaErF,@NaYF,).
According to the simulation, Er’*-rich design is expected to
largely promote the possibility of “collision” and thereby the
upconversion efficiency because of the following advantages:
1) high level doping shortens the Ln*"-to-Ln’" average
distance to 0.47 nm from 0.8 nm in traditional low doped
UCNPs (LD UCNPs). Since the Ln**-to-Ln*" interaction
strength sharply decreases with the increase of ion-to-ion
distance, the energy migration processes of the excited states
will be accelerated by about two orders of magnitude.!" 2)
In particular, NaErF,@NaYF, has fully supplied “collision”
sites for the migrated energy (Figure 1b), while in the
traditional Y**/Yb*"/Er’" triplex-doping system only less
than 10% of grids participate in “collisions” (Figure 1a).
Furthermore, via tuning the relevant parameters in the
simulation model, the upconversion enhancement tiggered
by these two advantages can be targeted investigated, which
are evaluated to 71 and 7.7 folds, respectively (shown in
Figure 1c). Relevant simulation details are discussed in the
Supporting Information (Table S1, S2, Figure S1-S3). Com-
bining these two positive factors, from 20 % Yb*", 2 %Er*"
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co-doping to 100% Er’* doping, an upconversion
enhancement by 13.9 folds is expected from the simulation
(Figure S4). Strikingly, the experimental result shows a huge
discrepancy, in which the intensity of NaErF,@NaYF, only
reaches ~30 % of that of NaYF,: 20%YDb, 2 %Er@NaYF,
(Figure 1d).

Interestingly, the huge gap in luminescence brightness
between the experimental and simulation results can be
filled by introducing a cryogenic environment. To ensure
fairness in comparison, controlled synthesis of pure hexago-
nal phase, uniform size, and structure (20 nm core with 5 nm
thick shell) of UCNPs has been conducted. Their TEM
images and XRD results are shown in Figure2a and
Figure S6. When the temperature decreases to 40K,
NaErF,@NaYF, shows a sharply increased upconversion
emission intensity by 170 folds upon the 0.1 Wcm™ 980 nm
excitation, as shown in Figure 2b, c. While the intensity of
the control sample of NaYF,: 20 % Yb, 2 % Er@NaYF, varies
little when the temperature decreases from 300 to 40 K,
which is well in line with the previous reports.*) For LD
UCNPs (i.e., NaYF,;: 20 %YDb, 2 % Er@NaYF,), the temper-
ature-dependent intensity saturation appears at ~160 K (2.2
folds stronger than the case at 300 K). Our observations
resulted from the competition between the two opposite
effects at the reduced temperature, i.e., the hindered Yb*"—
Er'" energy transfer (caused by retrogressive phonon
activity) versus the restricted non-radiative energy loss.
Note: due to the power-dependent intensity saturation, the
cryogenic temperature induced enhancement factors also
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depend on the excitation power density, as it varies from 170
to 41 folds when increasing the excitation power density
from 0.1 to 5 Wem ™ (Figure 2¢ and Figure S7). To provide
more evidence for the cryogenic feeding effect, direct energy
transfer between Er’* ions without the participation of Yb**
was also investigated with laser excitations at 800 nm
(0.3 Wcm™) and 1530 nm (0.03 Wcem?), respectively. The
results are shown in Figure 2d and Figure S8, S9, in which
the same order of enhancement factors (97 folds and 98
folds, respectively) for NaErF,@NaYF, have been achieved
at 40 K. Furthermore, the results of the varying concen-
trations of singly-doped Er’", e.g., at 25 mol %, 50 mol %,
and 75mol%, are shown in Figure2e and Figure S10.
Subsequently, remarkable enhancement factors of 360 folds,
420 folds, and 260 folds have been achieved (under
0.1 Wcm~? 980 nm excitation).

The above results consistently indicate that besides the
commonly recognized surface quenching, which is invalid in
our case since a Snm-thick NaYF, inert shell is
employed,!'” a significant temperature-dependent concen-
tration quenching of Er'" exists in the relevant nano-
structures. The cryogenic temperature in our case may
sufficient to compensate the quenching effect when Er’* is
less than 50 mol %. However, when further increasing the
concentration to 100 mol %, the compensation effect is
reduced in view of the attenuated upconversion enhancing.
In our opinion, the cryogenic environment proves to be
effective for upconversion enhancement because Er’'-to-
Er'" quenching interaction occurs through CR, whose
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Figure 2. a) The TEM images of NaErF,@NaYF, and NaYF,: 20%Yb, 2 %Er@NaYF, nanostructures and the statistical result of the particles’ size
distribution. b) Temperature dependent (40 and 300 K) upconversion emission spectra of the two nanostructures, respectively. c) The integral
upconversion emission intensities (from 500 to 700 nm) of the two nanostructures at different temperatures. Laser excitations are at 980 nm with
power densities of 0.1 Wcm™ and 5 W cm ™, respectively. d) Temperature dependent upconversion emission intensities of NaErF,@NaYF, under
the laser excitations of 800 nm (0.3 Wcm™?) and 1530 nm (0.03 W cm?), respectively. €) Temperature dependent upconversion emission intensities

of series NaYF,: x%Er@NaYF, nanostructures (x=25, 50, 75). Laser excitations are at 980 nm with power density of 0.1 Wem™.
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probability is temperature dependent. It is worth noting that
CR has long been recognized as one of the most active vital
factors that quench the brightness in LD UCNPs,” and
some inspiring works have investigated the Er*'-Er'* (or
Er**-Yb’*) CR-caused energy loss in the bare core,™ or
Er** relatively low-doped structures (e.g., 10%).** So far,
the CR role in the core-shell HD UCNPs is still
debatable,®! or even believed to be harmless.'’™ Here, we
show CR becomes crucial in enhancing the brightness of the
Er’* highly doped upconversion system.

To date, most investigations for CR in HD UCNPs are
focused on its role in the emission ratio modulation, for
example, leading to a relatively high red/green (R/G)
emission ratio in Er’*-rich core-shell structures,'”?! with
the corresponding CR paths being illustrated in Figure 3a
(upper part). However, here we find the degrees of
upconversion emission quenching and the R/G emission
ratio increasing, caused by CR, are highly correlated. As
shown in Figure 3b, accompanied by the huge enhancement
in luminescence intensity, the R/G emission ratio of HD
UCNPs (i.e., NaErF,@NaYF,) dramatically drops from 30.2
to 1.46 when the temperature decreases from 300 to 40 K.
This is because that for Er’*-rich core-shell systems at the
relatively high temperatures, the lattice vibration (i.e.,
phonons) facilitates to fill the energy gaps in various CR
processes. When some particular CR paths enable the
green—red emission transfer (Figure 3a upper part), the
depletion of upconversion energy is also efficient via the
cascade CR processes (i.e., green/red—NIR (near-infrared)
or green—red—NIR transfer, as illustrated in Figure 3a
lower part). By introducing a cryogenic environment, lattice
vibration is restricted, and as a result, both the green—red
emission transfer and the cascade energy degradation
processes will be hindered, leading to a massive accumu-
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lation of excited states on the green/red emission energy
levels. This experimental result is further supported by our
Monte Carlo simulation results. As shown in Figure 3c,
compared with the situation without CR, once a proper CR
strength is included in HD UCNPs (i.e., 2.1x10°s™!, whose
value is close to the calculated Er*"-Er’" energy migration
strength in the HD UCNPs), a reasonable emission quench-
ing (100-fold, with intensity decreases from 1 to 0.01) can
indeed be obtained (modelling details are described in
Figure S5), which also explains the observed discrepancy in
Figure 1c. Notably, this evaluated CR strength (i.e., 2.1x
10°s™") also predicts a fast decay lifetime (=5 ps) for the
corresponding energy level of Er't (i.e., *Ss;,), which is
indeed qualitatively observed in our measurements (Fig-
ure 3e right and Table S3).

Next, to further determine the influence of CR, we
investigated the temperature-dependent PL. dynamics when
exciting Er’* at 488 nm with nanosecond pulses. As shown
in Figure 3e (left), the down-shifting 540 nm emission decay
curves of LD UCNPs (NaYF,:20%Yb,2 %Er@NaYF, as
control) at the *S;, energy level exhibit a mild temperature
dependence (time decay curves in the range of 0-2500 ps are
shown in Figure S11). The decay time decreases from 430 to
166 ps with temperatures increasing from 40 to 300 K. This
mild variation mainly reflects the temperature-dependent
non-radiative relaxation since CR plays a relatively weak
role in LD UCNPs. In contrast, the down-shifting 540 nm
emission decay curves of HD UCNPs (i.e., NaErF,@NaYF,)
display a large variation in response to the temperature
changes (Figure 3e right, Figure S11 and Table S3), which
exhibits a typical multi-exponential decay at the relatively
high temperatures. As illustrated in Figure 3d, the depopu-
lation processes of the ‘S, energy level of HD UCNPs
contain both the radiative/non-radiative relaxations (insensi-
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Figure 3. a) Several typical Er**-Er"™ CR processes are involved in the green—red emission shift (upper part), and green/red—NIR emission shift
(lower part). The same color arrows in groups represent the electron transitions in the same CR process. b) The temperature dependent green/red
upconversion emission ratio of NaErF,@NaYF, nanostructure. Laser excitation is at 980 nm with a power density of 0.1 Wcm™2. c) The simulated
relationship between Er’*-Er*™ CR strength and upconversion emission intensity. d) The depopulation processes in NaErF,@NaYF,, including
radiative/non-radiative relaxations and temperature-related CR processes. €) The temperature dependent 540 nm emission decay curves of low-
doped NaYF,:20%Yb,2 %Er@NaYF, (left) and high-doped NaErF,@NaYF, (right). Excitation: 488 nm pulsed laser.
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tive to temperature) and CR (sensitive to temperature).
Therefore, the slow decay component (decreasing from 320
to 118 us as the temperature increases from 40 to 300 K) in
Figure 3e (right) can be well attributed to the varied
radiative and non-radiative relaxations from individual
excited states. Then, the significantly accelerated decay of
less than 34 ps reflects the Er'*-Er’* CR effect in HD
UCNPs, which obviously dominates the depopulation proc-
ess when the temperature is above 100 K (Figure 3e right
and Figure S12). These results reconfirm that CR in Er'*
-rich systems plays a major role in quenching the emissions
at relatively high temperatures, and employing cryogenic
temperature can restrict CR and thereby enhance the
brightness of HD UCNPs.

Once the role of CR in Er’* singly doped HD UCNPs is
understood, our conclusive finding can be further applied to
investigate a series of Yb''/Er’™ “alloy” systems (i.e.,
NaYF,@NaYb, Er F,@NaYF,, x increases from 2 mol % to
100 mol %). According to the previous reports,’>*"! via fully
utilizing the space of nanostructure (i.e., the sum of the
concentrations of Yb’" and Er'" reaches 100 mol %), the
“alloy” system has already been reported as one of the most
efficient inorganic upconversion structures, therefore, fur-
ther improving its efficiency is meaningful. The series of
core-shell-shell structures are synthesized with uniform
sizes and morphologies for spectroscopy comparison (Fig-
ure 4a and Figure S13, S14), where the size of the inert core
and the thickness of the active shell and the inert shell are
measured as 26 nm, 6 nm, and 6 nm, respectively. In line
with our expectation, for the Er’*-rich “alloy” systems (with
the Er’" concentration above 25 mol %), cryogenic temper-
ature (e.g., 40 K) can significantly enhance the upconversion
emission brightness by around two orders of magnitude
(Figure 4b). The enhancement mechanism can also be
attributed to the Er’*-Er’* CR suppression in the cryogenic
environment. Thererfore, when reducing the temperature
from 300 to 40 K, the optimized doping concentration of

b =2% 4 25%
4% < 50%
a-8% - 75%
10 - 15% = 100%
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Figure 4. a) The TEM images of NaYF,@NaYb, _,Er,F,@NaYF, series of
“alloy” UCNP systems, where x increases from 2 mol % to 100 mol %.
Scale bars: 100 nm. b) The temperature-dependent upconversion
emission intensities (integral from 500 to 700 nm) of the series of Yb/
Er “alloy” systems. All the samples are excited by a 0.1 Wcm ™2 980 nm
laser.
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Er'" in “alloy” system needs to be correspondingly
increased from 4 mol % to 100 mol % to produce the bright-
est “alloy” UCNPs. Remarkably, compared with the bright-
est design at 300 K (Er’" at 4 mol %, Figure S15), an around
10-fold upconversion enhancement has been achieved for
the Er’* heavily doped “alloy” UCNPs (over 50 mol %) in
the cryogenic environment (Figure 4b).

Next, we take a closer look into the role of Yb*' in
tuning the R/G emission ratios of “alloy” structures.
Notably, for the “alloy” systems heavily doped with both
Yb** and Er't (ie., NaYF,@NaYb,_Er,F,@NaYF,, 0.25<
x<0.75, labeled as dual HD alloy UCNPs), their R/G
emission ratio becomes extremely high, even at the presence
of the cryogenic environment, e.g., 95 folds at 40 K for
NaYF,@NaYb,sEr,sF,@NaYF,. In stark contrast, the robust
green emissions were observed at 40 K when either Yb** or
Er*" is low-doped (i.e., R/G emission ratios are less than 5-
fold if x <0.15 or x=1.0, shown in Figure 5a). Similar trends
can be well observed within a relatively wide temperature
range (i.e., 50-160 K, Figure S16). This suggests that for the
dual HD alloy UCNPs in the cryogenic environment, 1)
impressive red upconversion enhancement (from *F,, state)
can still be observed due to the Er"-Er’™ CR suppression,
and 2) on the contrary, for the green emission (from *S;,
state), an efficient depopulation path is still in hiding, which
cannot be simply attributed to the Er’*-Er’* CR. This
opinion can be further confirmed by the down-shifting PL
dynamics at 540 nm (under 488 nm pulsed excitation). As
shown in Figure 5b, different from the control groups of
NaY,;Er,sF,@NaYF, and NaYF,@NaYb, «Er,,Fs @NaYF,,
a fast decay process of as quick as 11.2 ps, representing the
existence of efficient depopulation, can only be observed

from the dual HD alloy UCNPs (ie.,
NaYF,@NaYb,Er,F,@NaYF,).
a 1004 T:40K 95 b . T:40K S50Er@Y

Y@S0Er50Yb@Y|
— Y@2Er98Yb@Y

=)

R/G emission ratio
Log intensity (a.u.)
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Figure 5. a) At 40 K, the R/G emission ratios of the series of alloy
UCNPs when the Er’* concentration increases from 2 mol % to

100 mol %. b) At 40 K, the luminescence decay curves of the
NaYsErysF.@NaYF, (yellow line), NaYF,@NaYb,sErysF,@NaYF, (light
purple line) and NaYF,@NaYbgesEroo,Fs @NaYF, (dark purple line)
nanostructures. c), d) Schematic diagrams of the two paths of Er’*-
Er**.Yb®* tri-ion interaction. All the samples are excited by a

0.1 Wcm™2 980 nm laser.
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All the above observations cannot be explained by the
simple interactions between any two types of ions, including
Er*'-Er'" and Er*"-Yb’" interactions, otherwise high R/G
emission ratios should be also observed in either Er'" or
Yb*t singly HD alloy UCNPs in cryogenic environment
(i.e., x=1 or 0.02). Therefore, we proposed a Yb*'-Er'*
-Er’" tri-ion interaction model that follows a *F,,(Yb*") +
S3n(Er*") 4 113 (Er* ") = Fsp(YD* 1) + Tisp(Er’*) + “Fop.
(Er*") cooperative energy transfer process. As illustrated in
Figure 5c, d, due to the simple energy level structure, the
most possible role of Yb** in R/G emission modulation is to
follow an Er’* (*S;,)—Yb*" (°F;,) energy back transfer
process, where an upward transition on another excited Er**
should be simultaneously involved (to cover the excess
energy). Among the two possible transition paths, i.e., Path
A of ‘I3, to “Fy, and Path B of “I,;,, to “S;,, since the
lifetime of “I,5, state is around 10 times longer than that of
“I;;, state, Path A dominates, leading to the high R/G
emission ratio. Without the assistance of Yb** of a relatively
larger absorption cross-section at 980 nm-1.2 x 107 cm? ¥ it
is unlikely for the NaErF,@NaYF, system to achieve a high
R/G ratio, as due to the relatively smaller absorption cross-
section of Er'* at 980 nm-1.7 x 10> cm The accordingly
energy back transfer process, i.e., Er'" (“S;,)—Er't (*I;s,),
will be much less effective than the Er*™ (*S;,)—Yb*" (°F;,)
process.

Conclusion

With both the theoretical modelling and spectroscopic
characterization results, we confirm that for the Er’*-rich
HD UCNPs systems (either Er’* singly doped or co-doped
with Yb*"), besides the well-recognized surface-related
energy quenching processes, the cascade phonon-assisted
Er’*-Er'" CR plays a dominant role in the upconversion
energy loss at room temperature. A cryogenic environment
can suppress the harmful CR, so that the upconversion
brightness will be significantly enhanced by orders of
magnitude. Furthermore, a large R/G upconversion emission
ratio can be achieved in the Yb*'/Er’* dual HD “alloy”
systems, where a cooperative energy transfer process, i.e.,
Frn(YD* 1) 4+ S35 (Er’ ") + T13n(Er’ ") —"Fs (YD) 4+ 150,
(Er*") +*Fo(Er’"), has been first identified. Our findings
record the upper limit of the upconversion brightness of
Yb*/Er’* “alloy” systems, and suggest the new strategies to
develop more efficient HD UCNPs.
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