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1 Introduction

ABSTRACT

The doping concentration of lanthanide ions is important for manipulating the
luminescence properties of upconversion nanoparticles (UCNPs). However, the
serious concentration quenching in highly doped UCNPs remains a vital
restriction for further enhanced upconversion luminescence (UCL). Herein, we
examined the effect of temperature on the concentration quenching of rare-earth
UCNPs, an issue that has been overlooked, and we show that it is significant for
biomedical or optical applications of UCNPs. In this work, we prepared a series
of UCNPs by doping Er*" luminescent centers at different concentrations in a
NaLuF,Yb* matrix. At room temperature (298 K), steady-state photoluminescence
(PL) spectroscopy showed substantial concentration quenching of the Er*
emission with increasing doping concentrations. However, the concentration
quenching effect was no longer effective at lower temperatures. Kinetic curves
obtained from time-resolved PL spectroscopy further showed that the concen-
tration quenching dynamics were vitally altered in the cryogenic temperature
region, i.e., below 160 K. Our work on the temperature-switchable concentration
quenching mechanism may shed light on improving UCL properties, promoting
their practical applications.

optimization of lanthanide-doped nanomaterials has
drawn a great deal of attention for potential applications

Since the concept of upconversion luminescence (UCL)
was officially put forward in the 1960s [1-3], structural
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in biosensors, luminescent probes, and display devices
[4-10]. Lanthanide-doped nanomaterials exhibit unique
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luminescence properties, such as a large anti-Stokes
shift of several hundred nanometers, sharp emission
line, long lifetime, and superior photo-stability, under
a near-infrared laser [11-18]. In lanthanide-doped
nanomaterials, the upconversion process is generally
separated into excitation energy absorption, various
energy migration, energy transfer upconversion (ETU),
and radiative transition, while the process occurs
within different central ions [1, 19, 20]. However, the
low quantum efficiency and luminescence intensity
of rare earth (RE) nanomaterials produce certain
restrictions on promoting their practical applications.
The most vital restriction is that the doping concen-
tration of luminescent central ions (e.g., Er*, Tm®)
is always set below 5 mol.%. When high doping
concentrations were maintained, lanthanide-doped
nanomaterials showed significantly weaker lumines-
cence intensities because of so-called “concentration
quenching” [21, 22], which was caused by various
degrees of non-radiative relaxation, including cross
relaxation (CR) [23, 24] and cascade energy transfer
to intracellular defects and surface defects.

Recently, numerous efforts have been attempted to
overcome the concentration limitation of upconversion
nanomaterials to obtain enhanced UCL properties
[20, 25-30]. These improvements mainly include
modulating a high laser power density, designing
spatial separation, optimizing energy clustering at the
sublattice level, and using organic dye sensitization.
Despite the slight improvement of the restrictions
using these methods, the concentration quenching
was not completely clarified from the mechanism.
Essentially, the cascade energy transfer to surface
defects was considered as the main origin of concen-
tration quenching from environmentally sensitive
surface atoms in nanomaterials. However, most
researchers have not focused on the temperature
dependence of concentration quenching in the past
decades [1, 31, 32]. Therefore, a systematic study should
be undertaken with respect to the temperature effect
on concentration quenching to further understand its
mechanism in upconversion nanomaterials.

In this work, hexagonal phase (B)-NaLuF,:20%Yb**
upconversion nanoparticles (UCNPs) with different
Er** doping concentrations (2%, 5%, 10%, and 20%,
molar concentration) were selected to study the effect
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of temperature modulation on the concentration
quenching mechanism. We also examined the steady-
state photoluminescence (PL) and nanosecond time-
resolved PL spectra as the temperature changed from
300 to 77 K. These UCNPs showed obvious temperature
dependences and significant concentration quenching
at room temperature in the PL spectra. However, the
concentration quenching almost completely disappeared
at cryogenic temperatures. We further explored the
temperature effect through time-resolved PL spectra,
which indicated that the temperature is vital to the
concentration quenching process in nanomaterials at
high doping concentrations. Our results highlight the
effect of temperature on the concentration quenching
mechanism to solve the doping concentration
limitation and promote practical applications of RE
nanomaterials.

2 Results and discussion

In this work, NaLuF,:20%Yb* nanoparticles with
different Er** doping concentrations (molar concentra-
tions of 2%, 5%, 10%, and 20% for sample 1, sample 2,
sample 3, and sample 4, respectively; Scheme 1(a))
were obtained using a conventional solvothermal
method [33-38]. The morphology and size were
characterized by transmission electron microscopy
(TEM), and the four samples show uniform spherical
morphologies (Fig. 1(a)). The high-resolution TEM
image (Fig. 1(b)) shows that the lattice fringes of the
four samples are in good agreement with the planes
(222 and 100) of the hexagonal phase (B-phase) of
NaLuF, (JCPDS card No. 27-0726). However, B-phase
nanomaterials show stronger UCL properties than
a-phase nanomaterials [39-42]. The dynamic light
scattering (DLS) data (Fig. 1(c)) show narrow particle
size distributions (sample 1: 42 + 2 nm, sample 2: 39 +
1.5 nm, sample 3: 37 + 2 nm, sample 4: 35 + 3 nm). The
X-ray diffraction (XRD) measurements (Fig.2) also
show that the crystal phases of the four samples
correspond to the standard data of the B-phase
of NaLuF, (JCPDS card No. 27-0726) without any
interfering peaks [43—47].

The UCL properties of the four samples were
investigated by temperature-dependent steady-state
PL spectroscopy under a 980-nm continuous-wave
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Scheme 1 (a) Schematic images of four nanoparticles with different doping concentrations of Er** ions (2%, 5%, 10%, and 20%) and
different energy transfer modes. (b) Luminescence photos (300 K) and luminescence spectra (78 and 300 K) of the four samples.
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(n=2%, 5%, 10%, and 20%).
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(CW) laser excitation. Scheme 1(b) shows that the
UCL color changes from green to orange as the Er**
doping concentration increases from 2% to 20%. The
spectra of the four samples show systematic changes
as the temperature decreases from 310 to 77 K (Fig. 3).
The emission peaks can be attributed to 2Hop, = “I;5p,
(410 nm), *Hyyp, — 152 (521 nm), S, “Ly5 (542 nm),
and *Fq, — *I15, (655 nm) transitions of Er® [48-54].
At 300 K, samples with higher doping concentrations
show weaker UCL intensities and higher red/green
ratios (R,) from sample 1 to sample 4, showing the
significantly enhanced concentration quenching. The
two green emissions (521 and 542 nm) of Er** could
be discussed together because their populations are
mainly controlled by thermal activation (Fig. 54 in the
Electronic Supplementary Material (ESM)). In Fig. 4,
the UCL intensities of the red emission (UCL centered

227 K—|
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Figure 3 Steady-state PL spectra at different temperatures (77-310 K) of NaLuF;:20%Yb"", nEr*" nanoparticles under a 980-nm laser

irradiation (0.55 W), n = 2%, 5%, 10%, and 20%.
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Figure 4 Scatter diagrams of steady-state PL intensities at
different temperatures for the 542- and 655-nm emissions of
NaLuF,:20%Yb*", nEr’* nanoparticles under 980-nm laser irradiation
(0.55 W), n=2%, 5%, 10%, and 20%.

at 655 nm) and green emission (UCL centered at 542 nm)
significantly increase with cooling from 300 to 160 K
(Fig. S1 in the ESM). The ratios (R,;) between the red
emission and green emission intensities of Er** vs. the
temperature (78-300 K) in the four samples are depicted.
The green emission increases more significantly
than the red emission as the temperature decreases
from 300 to 160 K, resulting in the green color of the
nanoparticles. The color space chromaticity diagram
(Fig. 5) corresponding to the steady-state PL spectra
at 78, 140, 220, and 300 K is depicted to more easily
observe the changes in the color of the luminescence.

As shown in Fig. 4, the UCL intensities of the green
and red emissions in sample 1 increase upon cooling
and show a maximum intensity point (MIP) at ~ 160 K
and then decreased with cooling to 77 K. The other
three samples show similar behaviors, but the MIPs
occur at different temperatures. For sample 2 and
sample 3, the MIPs occur at 140 and 100 K, respectively;
for sample 4, the MIP cannot be observed within
the temperature range of our experiment. The UCL
intensities increasing with cooling to the MIP tem-
perature (Tyyp) can be easily explained by the
restraint of the excitation energy dissipation processes.
The different temperature-dependent behavior of the
samples with higher Er** doping concentrations and
the decreasing UCL intensities in the cryogenic tem-
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Figure 5 Luminescence color space chromaticity diagram
of NaLuF,:20%Yb*", nEr’* nanoparticles at different temperatures
(n=2%, 5%, 10%, and 20%).

perature region show that the microscopic processes
that control the UCL properties of the UCNPs are not
in a straight path.

In the cryogenic temperature region (from 77 K to
Twip), the four samples show similar maximum UCL
intensities, indicating that the concentration quenching
is switched off. Many researchers have shown that
the populations of Er** at higher energy levels require
multi-step cascading ETUs and CR processes among
the ions [49, 55]. Because of the particularity of the
energy levels in lanthanide ions, there are many energy
mismatches in the ETU and CR processes, which
always require thermal activation. The population of
an emitting level through more complicated energy
transfer processes always places more demands on
the thermal activation. For samples 1, 2, and 3 at
cryogenic temperatures, the UCL enhancement with
increasing temperature could be attributed to the
increased probabilities of the ETU processes by thermal
activation. The ETU processes result from interactions
within different energy levels of Yb** and Er** under
thermal control. In the upconversion nanocrystals,
many excitation energy donor-acceptor (D-A) channels
may exist. Only partial D-A channels are efficient and
can easily achieve balance through energy transfer,
and the ETU process in the Yb*-Er** system proceeds
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through this channel. Other D-A channels of mis-
matched energy levels can hardly achieve a balance
without the help of thermal activation, so that the
CR process can be significantly enhanced at higher
temperatures. Therefore, the two kinds of channels
have different dependences on the temperature. Overall,
the energy transfer channel is the ETU process, which
is less dependent on temperature, while the CR process
is highly dependent on the temperature. Therefore,
the population of higher emitting levels shows various
temperature effects in UCNPs with different Er®
doping concentrations, i.e., the samples with higher
Er* doping concentrations produce lower Ty values,
which show more obvious concentration dependences.

As the temperature further increases to 300 K, the
UCL intensities of the four samples decrease to
different degrees (Fig. 4). The amounts of change are
quite different, i.e., higher Er’* doping concentrations
(sample 3 and sample 4) more severely decrease
the UCL intensities of the 542-nm emission. These
phenomena could not be merely attributed to thermally
dependent non-radiative transitions. In the samples
with higher Er** doping concentrations, higher emitting
level deactivations result from thermally activated ion
interactions, which are concentration quenching. The
UCL intensities of the 542-nm emission decrease more
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significantly than the UCL intensities of the 655-nm
emission. This phenomenon could be attributed to
concentration quenching of the *S;, level (542 nm),
which partially populates the “Fo;, energy level (655 nm),
i.e., the energy from the Er* ion of the ‘S;, level is
transferred to a nearby Er* ion at the “I;3, energy
level, and the Er* ion is generated from the 655-nm
emission (*Ss; + L3 = i1 + *Fop) [19].

Furthermore, the variation in the green emission
intensity is more obvious than that of the red emission
intensity, leading to an enhanced R,, value at 300 K
as the Er*" doping concentration increases (Fig. S2 in
the ESM). The subtle changes of the red and green
emissions in the four samples as the temperature
increases indicates that more complicated microscopic
interactions exist in the UCL processes. For samples
1-3, the enhancement slopes of the 542-nm emission
are lower than that of the 655-nm emission as the tem-
perature increases from 77 K to Tyyp (Fig. 4) because
of the more complicated population process at the
655-nm emitting level. It can also be explained by
the more complex population process (Fig. 6(a)) of
the red emission (three successive ETUs and a one-step
CR process) than green emission (two successive ETU
processes). As the temperature increases from Typ to
300 K, the slopes of the 655-nm emissions decrease
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Figure 6 Energy transfer between the sensitizer ions (Yb®") and luminescent central ions (Er’") in the nanoparticles at (a) low
temperatures and (b) high temperatures. Note: ETU = energy transfer upconversion, CR = cross relaxation, BET = back transfer.
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significantly less than that of the green emission,
especially for samples 2-4 (UCNPs with higher Er**
doping concentrations). As mentioned above, the UCL
decrease is mainly caused by thermally dependent
non-radiative transitions and the excited state
deactivation results from interactions between ions
(corresponding to concentration quenching). If sample 1
has no concentration quenching, the UCL decrease of
the red and green emissions could be attributed to
the different temperature parameters of the thermally
dependent non-radiative transitions (i.e., the former
reason). For samples 2—4, the decrease of the green
emission shows that the temperature dependence is
enhanced as the Er* doping concentration increases,
mainly because of the concentration quenching (i.e.,
the latter reason).

To further investigate the dependence of the ETU
population and UCL process on temperature, the
kinetic curves of the “S;;, (542 nm) and *Fy, (655 nm)
levels were explored for the four samples (Fig.7).
In the four samples, the effect of temperature on
the kinetics is enhanced with increasing Er*" doping
concentrations. These kinetic curves were fitted with
a bi-exponential equation, as follows

It = A1 eXp (_t/‘l}ise) + Az eXP (_t/ z-decay) (1)

where 7, and 7y, represent the rising and the decay
time constants, respectively, which describe the time
scales of the population and depopulation, respectively,
for the corresponding energy levels. From the dynamic
results at different temperatures for each of the four
samples, the decay phase of the process could greatly
influence the increasing phase, and the apparent
parameters of 7, do not show useful information. As
the Er** doping concentration increases, Tdecay decreases
significantly near room temperature. For example,
at 300 K, the 4.,y values for samples 1, 2, 3, and 4 are
221.3, 164.1, 68.7, and 10.8 us, respectively, at 542 nm
and 386.4, 310.8, 173.4, and 71.7 ps, respectively, at
655 nm. This indicates obvious concentration quenching
near room temperature and significantly inhibited
concentration quenching at low temperatures. In the
cryogenic temperature region, the 74, parameters at
542 and 655 nm slightly increase with increasing Er*
doping concentrations from 2% to 20%, implying
that the population of green emission levels in a
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Figure 7 Dependence of the kinetic curves and fitting lifetimes
of the *S5, (542 nm) and *Fy), (655 nm) levels on the temperature
(78-300 K) of NaLuF;:20%Yb**, nEr*" nanoparticles (n = 2%,
5%, 10%, and 20%).

single particle can be enhanced at higher Er** doping
concentrations after the concentration quenching is
restrained.

With changing temperature, the luminescence lifetime
variations at 542 and 655 nm for sample 1 (see the
first panel of Fig. 7 and Figs. S2 and S3 in the ESM)
are consistent with the temperature dependence of the
steady-state PL intensities (see Fig. 4). This indicates
that the temperature effect on the UCL intensity
could be directly explained by the thermally activated
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non-radiative transitions. In samples 2—4, the transient
intensities and 7y, values of the luminescence kinetics
at 542 nm strongly decrease as the temperature
increases. The temperature dependences on the
integration intensities of the transient kinetics are
consistent with the temperature dependences on the
UCL intensities. The temperature dependence degrees
of samples 2—4 are more significant than that of
sample 1, which can be simply explained by the
thermally activated non-radiative transitions. These
substantial temperature effects on the transient and
steady-state UCLs could be attributed to Er*-Er*ion
interactions (corresponding to concentration quenching)
of the higher Er** doping samples in which the
energy from one Er* jon in an excited state is
transferred to another excited Er* ion, as shown in
Fig. 6(b) (*Sspp + *Lisp = *Lizp + Loy, *Huypp + *Frp = “Fop +
*Hop, *Sspp + *Lisp = *liapa + *Fop) [19, 55]. The 7yecay value
and transient intensity decreases of the 542-nm
emissions can be attributed to direct quenching of the
‘S, level and quenching of the “F;, level, respectively.
The ion interaction quenching could directly or indirectly
yield the populations of the 655-nm emitting levels
[1, 19]. Such phenomenon should also exist in sample
1, but not to such a significant degree as that in the
other three samples.

In samples 2—4, the temperature dependence of the
UCL kinetics at 6565 nm is similar to that at 542 nm
(Figs. S2 and S3 in the ESM). The integration intensity
variations of the transient kinetics are significantly
different than the UCL intensity variations. The kinetic
variations indicate that the concentration quenching
also accelerates the transition of the *F,, level with
the temperature increase, which is similar to the
behavior of the 542-nm emission. From the steady-
state PL spectra, especially for samples 3 and 4, the
655-nm emission intensities slightly change with
increasing temperature, while the 542-nm emission
intensities significantly decrease. As mentioned above,
this phenomenon indicates that the concentration
quenching of the 542-nm emission, at least in part,
produces the populations of the 655-nm emitting
level [19, 55]. The concentration quenching effect on
the *Fq, level could also explain the one-to-one
increase of the 655-nm UCL intensities that result from
the concentration quenching of the 542-nm emissions,
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which could not be observed.

There is another issue worth noting, which is
that the transient intensity variations of the 655-nm
emission transient kinetics is not consistent with the
steady-state PL intensity variations as the temperature
increases. This can be attributed to the highly com-
plicated population processes at the 655-nm emitting
level, which are strongly associated with the population
concentration of the lower levels, such as ;3. This is
because the UCL process that is excited by a single
974-nm pulsed laser could not fully depict the
complicated continuous ETU processes.

3 Conclusions

We clarified the temperature effect on the concentration
quenching mechanism by changing the Er** doping
concentration in NaLuF, nanoparticles. At room
temperature, both the steady-state PL spectroscopies
and transient UCL kinetics showed significant con-
centration quenching effects and red dominant
luminescence for the UCNPs with higher Er** doping
concentrations. The Er** PL intensity increased with
decreasing temperature, an effect that was much more
prominent for the UCNPs with higher Er** doping
concentrations. At cryogenic temperatures (<160 K),
both the PL intensities and the luminescence decay
behaviors suggested that the concentration quenching
mechanism is switched off. The temperature depen-
dence of the luminescence decay was consistent
with that of the state-steady PL intensity, and both
exhibited that the concentration quenching could be
dominated by temperature. This work highlights the
significant temperature effect on the concentration
quenching of RE luminescence from UCNPs, and
provides an in-depth understanding of the underlying
mechanism, which will be beneficial for further
development and applications of UCNPs.

4 Experimental

4.1 Chemicals and materials

RE oxides (Yb,Os; (99.9%), Lu,O; (99.9%), and Er,O;
(99.9%)) were purchased from Beijing Lansu Co. China.
RE chlorides (LuCl,;, YbCl;, and ErCl;) were obtained

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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by dissolving the metal oxides in 10% hydrochloric
solutions and then completely evaporating the water.
1-Octadecene (ODE, 95%), oleic acid (OA, >95%),
NaOH, NH,F, and nitrosonium tetrafluoroborate
(NOBF,) were purchased from Alfa Aesar Ltd. All
other chemical reagents were of analytical grade and
were used directly without further purification.

4.2 Characterization

The morphology and size of the nanoparticles were
determined at 200 kV using low- to high-resolution
TEM (JEOL JEM-2010). The prepared samples were
dispersed in cyclohexane or ethanol and dropped
onto the surface of a copper grid for TEM analysis.
Ultraviolet—visible-near infrared absorption spectra
were measured using a UV-3600 spectrophotometer
(Shimadzu, Japan). Energy-dispersive X-ray analysis
of the samples was also performed during the
high-resolution TEM measurements. Powder XRD
measurements were performed using a Shimadzu
7000 X-ray diffractometer at a scanning rate of
2°min™ in the 20 range from 10° to 70° (Cu Ka
radiation, A =1.54 A). DLS experiments were performed
using a Zetasizer Nano ZS90 zeta potential analyzer
(Malvern). Steady-state PL spectra were measured
using a fluorescence spectrophotometer (FLS980,
Edinburgh Instruments), excited by an external CW
980-nm diode laser (Changchun New Industries
Optoelectronics Tech Co., MDL-H-980-5W). The
time-resolved PL spectra were collected using an
FLS980 spectrophotometer combined with a digital
oscilloscope (Lecroy, HDO4054) as the kinetic data
recorder. The 974-nm pulse generated by a YAG laser
(355 nm, 7 ns, 10 MHz) pumped optical parametric
oscillator sets was used as the pump source. All the
PL studies were recorded at 77-310 K.

4.3 Preparation of the four samples with different
Er** doping concentrations

In a general procedure, NaLuF, UCNPs with different
Er** doping concentrations (2%, 5%, 10%, and 20%) were
prepared using a traditional solvothermal method.
Firstly, 7 mL of OA and 15 mL of ODE were each added
to four 100-mL three-necked flasks; then, different
ratios of RE chlorides (LuCl;:ErCl;:YbCl; = 78:20:2,

Nano Res. 2018, 11(4): 2104-2115

75:20:5, 70:20:10, and 60:20:20) were respectively added
to the four flasks following by heated to 160 “C under
an argon atmosphere to form a transparent solution.
After cooling to room temperature, 4 mL of a methanol
solution containing NaOH (2.5 mmol) and NH,F
(4 mmol) were then respectively added to these flasks
and stirred for 30 min under vacuum. Subsequently,
the solutions were heated to 295°C for 1h under an
argon atmosphere to obtain the NaLuF, UCNPs with
different Er* doping concentrations (2%, 5%, 10%,
and 20%). An excessive amount of ethanol was poured
into the resultant solutions to separate out the products
after naturally cooling to room temperature, and the
products were washed with ethanol and cyclohexane
three times. The obtained four groups of white UCNPs
were dried under vacuum.
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